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Chapter 1. Introduction 
 
1.1 Background 
After the industrial revolution, the coal, then coal by oil, later oil by natural gas, 
fossil fuels become increasingly important energy resources. From EIA assessment, 
world energy consumption increases by 49% from 2007 to 2035, of which fossil fuels 
increase even fast and account for roughly 80% of the total energy consumption [1]. 
However, fossil fuels are non-renewable and foreseeable depletion in the next 50 
years. At the same time, greenhouse gases (mainly CO2) and other waste generated by 
using of fossil fuels, caused global warming, climate change and serious 
environmental issues. Therefore, the shifting from fossil fuels to renewable energy 
resources represents a major challenge for the sustainable development [1,2]. 
Biomass, the organic materials derived from cellular substances of biology, has 
been recognized as one of the most abundant renewable energy resources and an 
alternative energy for fossil fuels [3,4,5,6]. Plant biomass is the most important and 
abundant biomass sources, and it associate with any plant based material on a 
renewable basis, including dedicated energy crops and trees, agricultural food and 
feed crops, agricultural crop wasters and residues, wood wastes and residues, aquatic 
plants, animal wastes, municipal wastes, and other waste materials [5].  
The major chemical structure components of biomass are high molar masses of 
cellulose, hemicellulose and lignin, and also small amount of minerals and organic 
extractives, shown in Figure 1.1. The weight percent of components varies in different 
biomass species of wood, a typically of 40-50% cellulose, 20-35% hemicellulose and 
15-25% lignin respectively on dry-weight basis [6,7].  
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Figure 1.1 Major components in plant biomass. 
 
 
The schematic molecular structures of cellulose, hemicellulose and lignin are 
shown in Figure 1.2. Cellulose and hemicellulose, the carbohydrate biomass, have 
relatively high components in the most of plant biomass. Cellulose is a linear polymer 
of several hundreds D-glucose units with β (1→4) glycosidic linkage. It is very stable, 
chemically and extremely insoluble in water. Alpha-, beta- and gamma-cellulose 
presents different kinds of cellulose portion, which has different characteristics in 
alkaline/acidic solution. Hemicellulose is high polymers too, consists of pentoses and 
alternating units of mannose and glucose or galactose units, and it always has side 
chain. While cellulose is crystalline, strong, and resistant to hydrolysis, hemicellulose 
has a random, amorphous structure with little strength, and it soluble in water and 
hydrolysis to single sugar very fast. Lignin has an aromatic structure. Three basic 
compounds, paracoumaryl alcohol (Cou), coniferyl alcohol (Con) and sinapyl alcohol 
(Sin) form the basis of all lignins. More structure information about cellulose, 
hemicellulose and lignin was summarized [3,5,7]. 
The annual total biomass production is about 1.2×1011 ton when calculated as dry 
matter, which is about 16 times for annual crude oil consumptions [6]. Biomass 
contributes about 12% of the global primary energy supply and up to 40-50% in many 
developing countries now, and it is believed potentially supply about half of the world 
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primary energy consumption by the year 2050 [8]. However, it is very difficult for 
direct use of biomass effectively, that the conversion of biomass into more convenient 
energy or fuels attracts much concern. 
 
O
HO
OH
O
OH
O
O
OH
OH
HO
n
a. Cellulose
b. Hemicellulose
O
HO
O O
HO
O
O
HOO
O
n
O
O
O
O
OH
OH
HO
O
HO
OH
HOOC
HO
HO
O
HO
HO
OH
OH
c. Lignin
H2C
O
OC
O
OCH3
HC
CH2
O
HC
H2C
CH
CH2
O
OCH3
H
CO
H3CO
H
C CH2
H2COH
C
H
O
OCH3
OCH3
C
H
O O
HC
O
OCH3
HC
H2COH
H
C OC
H
C
H
O
OCH3
H
C
OCH3
H2C
OH
OCH3
CH
CH2
HC
OH
CH
H2COHO
O
CO
H3CO
H
C
OCH3  
 
Figure 1.2 Structure of cellulose, hemicellulose and lignin. 
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1.2 Formic Acid Production 
Formic acid is an important chemistry material. It was widely used as a leather 
tanning agent, as a concrete cure accelerator, and also as a safety feedstock antibiosis 
in feed industry. Recently, the sodium/calcium formate salts has been used as an 
environmentally and biodegradable de-icer [9,10]. Moreover, formic acid might be 
expected to be used as a raw material for hydrogen production and storage, because it 
is easily dissolved in water, particularly in high temperature water, where the 
decarboxylation pathway strongly predominates to produce hydrogen [ 11 , 12 , 13 ].  
Researchers also found that formic acid decomposes easily to hydrogen at the room 
temperature with ruthenium catalyst [14,15]. More importantly, recent research has 
demonstrated that formic acid has the potential to power fuel cells for electricity 
generation and automobiles [16,17,18].  
Formic acid is traditionally produced as a by-product in the manufacture of acetic 
acid. However, the demand for formic acid is higher than can be made from this route. 
So dedicated formic acid production form methyl formate have been developed. One 
method combines methanol and carbon monoxide in the presence of a strong base, 
such as sodium methoxide, to produce methyl formate, according to the chemical Eq. 
1.1, and hydrolysis of this produces formic acid, Eq. 1.2.  
 
CH3OH(l) + CO(g) → HCOOCH3(g)     ΔrH⊖= -12.725 KJ/mol  (1.1)  
 
HCOOCH3(g) + H2O(l) →  HCOOH(l) + CH3OH(l) 
      ΔrH⊖= -41.46 KJ/mol (1.2)  
 
Recently, many works have been done for transfer CO2 and H2 to form HCOOH 
[19,20,21]. However, current hydrogen production is heavily dependent on crude oil or 
natural gas as raw materials, or on electricity from fossil fuels. Also, the process is an 
endothermic reaction, which suggests a low efficiency and high energy cost. 
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CO2(g) + H2(g) → HCOOH(g)      ΔrH⊖= 14.909 KJ/mol  (1.3)  
 
 These processes mainly base on raw materials produced from fossil fuels, thus, it 
is very important to find a new route for these raw materials producing from 
renewable source. As one of the important and potential future energies, an effective 
and fast production of formic acid is necessary. In the biomass conversion researches, 
especially in the hydrothermal process, formic acid was found to be a basic product 
for hydrolysis and oxidation of carbohydrates biomass [22,23,24,25]. According to the 
proposed oxidation mechanism[22], it can be expected that 1 mol of glucose produces 6 
moles of formic acid, which is 100% transfer yield of carbon, as shown in Eq. 1.4.  
 
C6H12O6(s) + 3 O2(g) → 6 HCOOH(l)  ΔrH⊖= -1277.24 KJ/mol  (1.4)  
 
However, no high formic acid production was reported [3,26]. Thus, a research on 
the formic acid production from hydrothermal oxidation of carbohydrate biomass is 
needed, and if carbohydrate biomass could be converted readily into formic acid 
efficiently at mild temperatures, this should provide the basis for new green processes 
for biomass conversion.  
 
1.3 Hydrothermal Conversion of Carbohydrate Biomass 
1.3.1 The Properties of High Temperature Water (HTW) 
Hydrothermal conversion of biomass, using environmental-friendly HTW as 
solvent, into convenient energy, fuel and useful chemicals is getting increasing 
interest. HTW is the water at a high pressure and high temperature, including 
supercritical water (SCW) and subcritical water. It is an alternative reaction media to 
less desired organic solvents and has remarkable properties as a reaction medium. 
Figure 1.3 is the pressure-temperature phase diagrams for water. The critical point of 
water is at 374 oC and 22.1 MPa, water at a temperature and pressure above the 
critical point is SCW. And water at a temperature and pressure between boiling point 
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(100 oC) and the critical point is subcritical water. 
 
 
 
 
Figure 1.3 Pressure-temperature phase diagrams for water. 
 
 
Water from ambient to SCW changes its character greatly [27,28], form a solvent 
for ionic species to a solvent for non-ionic species. SCW, neither liquid nor gas, 
shows low-viscosity and high-diffusivity values, similar to those of ambient organic 
solvents. The low polarity of SCW results in greatly decreased solubility of inorganic 
salts and increased solubility of organic compounds. The density, static dielectric 
constant and ion product (Kw) of water changes tremendously with temperature. Ion 
product of water at 250-300 oC is about thousand times than that at ambient 
temperature, it could show both acid and alkaline catalyst effect. Also, HTW exhibits 
a relatively high heat capacity and these results in efficient heat transfer [25,29]. 
 
1.3.2 Hydrothermal Reaction 
Wet oxidation (WO) process (or wet air oxidation, WAO) was developed by 
Zimmerman in 1950s [30]. Later, Zimpro, Certech, Ciba-Geigy and several processes 
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were also developed for deposal treatment of organic or hazardous waste streams 
[31,32,33]. Supercritical water oxidation (SCWO) is an attractive complete depletion 
technology for the treatment of organic or hazardous waste streams [34,35], which can 
transform wastes into environmentally innocuous products, mainly carbon dioxide, 
nitrogen, water and inorganic salts. Destruction efficiencies greater than 99.99% have 
been achieved in very short time of several seconds. The SCWO process is 
exothermic, waste stream, above 10% organic compounds, could be processed 
without energy input.  
However, low molecular weight carboxylic acid (acetic acid, formic acid, and so 
on), as an intermediate product, was found to be very refractory compounds. Many 
works focused on the decomposition of carboxylic acid and the development of 
catalyst to reduce the reaction temperature in a reasonable reaction time. However, 
these processes cause further pollution of copper or manganese ions. In addition to the 
complete degradation of organic substances to carbon dioxide, the remarkable 
properties of HTW have proven their ability to convert a wide range of biomass 
materials into fuels and other value-added chemicals [27.28,36].  
The two major commercially available conversion pathway of biomass to 
biofuels are fermentation of starch to ethanol [37,38] and trans-esterification of fatty 
acid from natural oil to biodiesel [39,40,41,42]. In both cases, agricultural products were 
converted for biofuels production instead of food for human or feed for animals. 
Through, both starch and natural oil, organic extractives in biomass, account for very 
small amount of total plant biomass, it has caused shortage and further price arise of 
agricultural products. Therefore, the conversion of waste lignocellulosic biomass, 
instead of agricultural products, into energy/fuels is much attractive and favorable [43]. 
 
1.3.3 Hydrothermal Conversion of Carbohydrate Biomass 
 Hydrothermal conversion of carbohydrates biomass could be classified as 
gasification and liquefaction, which occur at different temperature area and have 
different products distribution. Most of the studies used cellulose and glucose as 
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model compound, and also real waste biomass, food waste [44,45], what straw [46], 
wood[41], sludge [47,48]. Here, only hydrothermal reaction of pure cellulose and glucose 
is concluded, because of the high contents of cellulose based materials in nature.   
Hydrothermal conversion of cellulose occurs in two steps: hydrolysis of cellulose, 
and decomposition of hydrolysis product [3,4,6,29,49,50], shown in Figure 1.4. Hydrolysis 
of cellulose, leads cleavage of ether and ester bond by addition of one molecule of 
water for every broken linkage, firstly converts long nature polymer cellulose into 
small oligomer and single glucose. The hydrolysis process involves traditional 
diluted-acid catalyst process [51,52], enzyme process [53] and also hydrothermal process 
using SCWO/subcritical water. The traditional acid-catalyzed hydrolysis process is 
widely used and industrialized almost a century ago [54], but high concentration of 
acids or organic solvent causes serious secondary pollution problems. The enzyme 
process generally needs pretreatment in order to improve efficiency, and especially 
hydrothermal pretreatment is widely reviewed. Hydrothermal hydrolysis of cellulose 
is getting much attention as effective and environmental-friendly hydrolysis process.  
And then, small oligomer and single glucose undergo fast isomerzation, 
dehydration, and fragmentation reactions to produce gas and liquid production. At a 
low temperature, oil could be generated and on-sugar aqueous product is the main 
products. At even low temperature, char carbonization production is also reported [55]. 
For low-conversion samples were accompanied with a dark brown color and visible 
char. As the oxygen content and conversion to gaseous products increased, the color 
and char disappeared. At high conversions, the effluents were transparent and 
contained no suspended solids. During these, H2, CH4 and CO was generated, and 
also CO2 for oxidation. From point view of interesting products, the hydrothermal 
conversion of cellulose was classed as liquid production (sugar, furfurals, and organic 
acids) and gas production (mainly H2). 
Cellulose hydrolysis to single glucose in supercritical and subcritical water has 
been widely studied by researchers [3,5,41,48,49,50]. The crystal structure of cellulose 
implies a two part process that includes dissolution from crystal structure into 
multiple long polymer chains of cellulose, and following the hydrolysis of chain 
 9
cellulose into oligomers and single glucose. And the dissolution is the key step. 
 
 
 
 
Figure 1.4 Hydrothermal conversion of cellulose [29,50] . 
 
 
Cellulose was hardly solubilized when lignocellulosic biomass was treated with HCW 
at 180-230 oC, and started to decompose to water solute products when the 
temperature reached around 230 °C. Cellulose hydrolysis fast into essentially 
monomer glucose at above 320 oC at 25 MPa was identified by Deguchi[56]. A glucose 
yield of 30% was obtained at 260 oC without catalyst by Minowa [4]. A significant 
glucose yield of 40% was reported in a bath reactor at 355 °C and 15 s. [57,58] A higher 
glucose yield of 71% was reported by Mok et al. in 1992, which operated in a 
semi-batch reactor at 215 °C, 34.5 MPa with 0.05 wt% H2SO4 for 120min 
[54]. 
Flow-type reactor is recently widely used when investigate cellulose hydrothermal 
reaction [49,59,60], because of good control of temperature and pressure. Up to 52% 
glucose can be obtained by hydrolyzing cellulose with pure water at 265 oC at a flow 
rate of 12 cm3/min by Bonn [59]. A typically 75% yield of glucose and oligomers was 
achieved by Sasaki, 250-400 °C at 25 MPa with 100% cellulose conversion [49].  
Figure 1.5 is a simple reaction pathways of the glucose under hydrothermal 
conditions proposed by Sasaki [5]. Furfurals and phenols were preferred at ionic 
conditions, while acids/aldehydes were preferred at free radicals conditions. Many 
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works on furfurals production, HMF, by no catalyst or acid-catalyst hydrothermal 
reaction of cellulose/glucose were reported [61,62,63]. The HMF is not stable under the 
hydrothermal conditions, and undergoes fast reaction to levulinic acid and other small 
acids/aldehyde.  
Below 100 oC, little organic acids production produced from cellulosic feedstock. 
Higher than 300 oC, the formed acids were destroyed and liquid phase products were 
reduced. Goto [64] obtained 2.6% acetic acid and 3.2% lactic acid by superficial 
oxidation of food waste. Our group reported an acetic acid of about 11-13% for 
hydrothermal oxidation of food waste using subcritical water, and further, a two-step 
process for enhancing acetic acid production was proposed, increasing acetic acid 
yield to 25-27% [22, 23]. Between 200 and 280 oC, mainly formic, acetic, glycolic, and 
lactic acid were reported as main organic acids production.  
 
 
 
 
Figure 1.5 Simple reaction pathways of the glucose reaction [5]. 
 
There is no research focus on the formic acid production, through it is a very 
important intermediates in all hydrothermal reaction of biomass. Most of formic acid 
was produced from thermal cracking of big molecular, which presents a low formic 
acid yield. For a high formic acid yield, the oxidation of sugar with sufficient H2O2 is 
recommended by Fisher and Isbell [45, 65], which involves the oxidative degradation of 
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glucose to formic acid at room temperature. Alkaline degradation of glucose using 
subcritical water showed that the reaction could be more selective and efficient for the 
production of organic acids. A 77% conversion of glucose to organic acids was 
obtained 250 oC, 25 MPa with NaOH addition, with 17% acetic acid, 22% glycolic 
acid and 38% formic acid [25]. Lactic acid production from sugar also attractive much 
attention, for used as bio-degradable polymers [66]. 27% lactic acid yield was obtained 
from glucose at 300 oC , 60 s, with 2.5 M NaOH by Yan [67], and a further 42% lactic 
acid yield was achieved at 300 oC, 5 min, with 0.02 g Zn, 0.03 g Ni, 0.07 g activated 
carbon and 2.5 M NaOH by Zhang[68], but the corrosion of reactor is very serious.  
Classical gas-phase gasification of biomass with high moisture is expensive 
because it has to be dried prior to this process. This is not necessary if the gasification 
is performed in hot compressed water where the water is the reactant and solvent 
simultaneously. There are two approaches for biomass gasification, high-temperature 
supercritical water gasification employs reaction temperatures ranging 500-750 oC, 
glucose can be 100% gasified with gas containing up to 60 mol% H2 at short reaction 
times without catalyst or with non-metallic catalysts [ 69 , 70 , 71 ]. Therefore low 
-temperature catalytic gasification, employs reaction temperature ranging 350-550 oC, 
and gasifies the feedstock with the aid of metal catalysts, like Ni, Ru, Pt. Alkali salts 
and charcoal are reliable catalysts for hydrogen formation, nickel and other 
hydrogenation catalysts were found to improve the methane formation [29]. Takahashi 
[72] reported the hydrogen formation from glucose via formic acid catalyzed by ZnO, 
comparing several metal oxides.  
 The hydrothermal conversion of carbohydrate biomass is very attractive, for 
produce sugar, furfurals, organic acids, and many other liquid products, and also 
hydrogen gas. However a significant complex reaction pathway for hydrothermal 
reaction of carbohydrate  biomass presents a low selectivity and efficiency for 
certain desired products, which can be optimized by changing reaction condition or 
adding catalyst.  
 
 
 12
 
 
1.4 Objectives of This Thesis 
 
 In this research, an effective and fast conversion process of carbohydrate biomass 
into formic acid under mild hydrothermal conditions will be developed. Formic acid 
is widely expected an attractive and potential future energy. It is very safe and easy to 
handle to be used as a raw material for hydrogen production and storage, and also to 
be used in the direct formic acid fuel cell for electricity generation and automobiles. 
However, the production of formic acid is very limited, and mainly origin from the 
fossil fuels now. Thus, production of formic acid from the renewable energy source is 
very necessary and attractive.  
Formic acid is a basic and important product for hydrolysis and oxidation 
conversion of carbohydrates biomass, however no high yield production of formic 
acid reported. Thus, a research on the formic acid production from hydrothermal 
conversion of carbohydrate biomass is very attractive, and if carbohydrate biomass 
could be converted readily into formic acid efficiently at mild temperatures, this 
should provide the basis for new green processes for biomass conversion. Therefore, 
the reaction mechanisms for formic acid production from carbohydrate biomass under 
the hydrothermal conditions and the optimum reaction conditions for formic acid 
production are investigated. For effective conversion and waste energy use purpose, 
further study involves formic acid production from monosaccharides and 
disaccharides at low temperatures. Finally, experiments for formic acid production 
from polymer cellulose materials are attempted, and show great potential in the 
treatment and conversion of real waste biomass. 
 
1.5 Structure of This Thesis 
 This thesis is consisted of following five chapters. 
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 In chapter 1, the background for energy and environmental policy and the key 
role of biomass in the future energy tragedy are reviewed. The remarkable properties 
of HTW are also introduced. Past researches on hydrothermal conversions of cellulose 
were concluded. Further, the importance and possibility of formic acid production 
from carbohydrate biomass under hydrothermal conditions also are discussed. Finally, 
the objectives for this research are presented. 
 
In chapter 2, first, hydrothermal reaction of glucose with sufficient oxygen supply 
is studied, and organic acid productions are evaluated, among which formic acid is the 
target product. Formic acid is supposed to be formed from hydrothermal oxidation of 
glucose, but the formed formic acid will decompose under the same hydrothermal 
oxidation conditions at same time. Formic acid decomposition under the hydrothermal 
oxidation conditions need to be investigated to find out how to maximized formic acid. 
And also, influences of reaction temperature, times, oxygen supply and other reaction 
parameters are studied, and the optimum reaction condition for formic acid production 
is investigated. 
 
 In chapter 3, beside glucose, hydrothermal oxidation of several other important 
monosaccharides in carbohydrate chemistry, such as fructose, galactose and xylose, 
are examined for the production of formic acid. A milder reaction temperature is 
preferred for preventing the reactor corrosion problems at high temperature and 
maintaining a stable and secure operation. Sand bath reaction system is used in this 
chapter, because salt bath reaction system could not be used below 200 oC. 
Experiments for hydrothermal oxidation of glucose under lower temperatures are also 
carried out for comparing reason. Finally, reaction pathway and mechanism for 
hydrothermal oxidation of glucose under lower temperatures will be further discussed.  
 
In chapter 4, cellulose, one of the most important raw biomass materials, will be 
investigated for formic acid production under the hydrothermal conditions in this 
chapter. Cellulose hydrolysis is investigated with an autoclave reactor firstly. A 
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mixture of intermediates, consists of glucose, cellobiose, cellodextrins, other 
intermediates and maybe even un-react cellulose, will undergo further hydrothermal 
oxidation for producing formic acid. The effect of reaction temperature, reaction time, 
oxygen supply and other reaction parameters will be investigated too. Finally, the 
reaction pathway and mechanism will be discussed. 
 
 In chapter 5, a conclusion based on the previous chapters is provided.  
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Chapter 2. Formic Acid Production by Hydrothermal 
Oxidation of Glucose 
 
2.1 Introduction 
As mentioned in Chapter 1, low molecular organic acids were basic oxidation 
products in most hydrothermal oxidation of organic substances, and will be further 
oxidized to carbon dioxide and water in traditional waste treatment process. Instead of 
total oxidation to carbon dioxide, controllable and partial oxidation of carbohydrate 
biomass to produce high yield of organic acids for energy or chemicals use purpose is 
much more attractive in carbohydrate biomass conversion and utilization. 
Glucose, one of the most important monosaccharides and basic unit of most large 
molecule carbohydrate biomass (cellulose and starch), is chosen as the model 
compound in this chapter. First, hydrothermal reaction of glucose with sufficient 
oxygen supply was studied, and organic acid productions were evaluated, among 
which formic acid was the target product. Formic acid is supposed to be formed from 
hydrothermal oxidation of glucose, but the formed formic acid will decompose under 
the same hydrothermal oxidation conditions at the same time. Formic acid 
decomposition under the hydrothermal oxidation conditions was investigated to find 
out how to maximized formic acid. Also, influences of reaction temperature, times, 
oxygen supply and other reaction parameters were studied, and the optimum reaction 
condition for formic acid production was investigated.  
 
2.2 Experiment 
2.2.1 Materials and Chemicals   
D-(+)-Glucose (>98%, reagent-grade), in crystal form, from Nacalai Tesque Inc., 
was used in this study. Glycolaldehyde dimmer (ALDRICH) and glyceraldehyde 
(>97%, special grade, WAKO) were also used. 
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Hydrogen peroxide (H2O2, 30 wt% water solution, special class, WAKO) was 
chosen as an oxidants for experimental convenience in respect to simplified handling 
(in an industry practice air or oxygen will be used). The stoichiometric demand for 
complete oxidation of glucose to formic acid and water was defined as 100% oxygen 
supply according to Eq. 2.1, assuming 1 mol of H2O2 gives 1/2 mol of O2.  
 
C6H12O6(s) + 6H2O2(l) → 6HCOOH(l) + 6CO2(g)              
ΔrH⊖= -2511.614 KJ/mol    (2.1)  
  
NaOH, KOH, Ca(OH)2, formic acid, acetic acid, lactic acid and all other 
chemicals used in this study were all special grade and purchased from WAKO. 
 
2.2.2 Experimental Apparatus 
A tubular reactor, using salt bath for heating, was used in this chapter. 
 
(1) Tubular Reactor 
 Tubular reactor, as shown in Figure 2.1, is made of SUS316 stainless tube with 
external diameter of 3/8 inch, wall thickness 1 mm, length 120 mm. Both end of the 
tube was sealed with 3/8 inch cap, SUS316 stainless, purchased from Swagelok, 
which worked safe below pressure of 20 MPa. The inner volume of the tubular reactor 
is about 5.6 mL, which is in really small scale and is easy to be heat up or cool down 
in a short time.  
 
Figure 2.1 Schematic of tubular reactor. 
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(2) Salt Bath System for Heating 
 Tubular reactor is heated by using a salt bath, which is preheating to the desired 
temperature, as shown in Figure 2.2. Salts used in the salt bath, are made of NaNO3 
and KNO3 (about 1:1, model: AS-140G, obtained form Nihon Parkerizing Co.). The 
mixed salts are set in a SUS316 stainless bath, and heated with sheath heaters. At 
room temperature mixed salts are white powder or solid, when heating up to about 
200 oC they begin to melt, and after they are all melted, start stirrer to mix evenly. The 
temperature of the salts bath is detected and controlled by a thermocouple, after 1-2 
hours the temperature will be stable for use. 
 The temperature of salt bath is defined as the reaction temperature. The reaction 
time is defined as the elapsed time for which the reactor was kept in salt bath. 
 The heating curve inside the tubular reactor is shown in Figure 2.3, as the salt 
bath set at temperature of 420 oC and 450 oC. The temperature inside the tubular 
reactor is raised to the set temperature in about 20 s and keeps stable. Through 
calculation, when the set temperature is 200-300 oC, a heating time of 15-20 s is 
needed. 
 
 
Stirrer
Reactor
Salt bath Water bath
Thermocouple
Heater
Temperature controller
 
Figure 2.2 Schematic of salt bath reaction system. 
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Figure 2.3 Temperature inside the tubular reactor after immerged into salt bath. 
 
2.2.3 Experimental Procedure 
 The experimental procedure is shown in Figure 2.4 and explained as follows: 
(1) Weight experimental chemicals, distilled water and H2O2 solution for desired 
reaction conditions, and fill the mixed solution to tubular reactor, then seal the 
reactor as soon as possible.  
(2) Put the sealed reactor into the salt bath, which had been preheated to desired 
 temperature, for the reaction. During the reaction, reactor was shaken horizontally 
for mixing evenly. 
(3)  After needed reaction times, reactors was removed from the salt bath, and 
immersed into a water bath for fast cooling.  
(4) After reactor was cooled down, it was opened to collect liquid samples. If needed, 
the gas samples were collected with water displacement method, reactor was 
opened inside the saturated NaCl solution. 
(5) Liquid samples were filtered through a 0.45 μm filter (13 mm syringe filters, 
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Whatman), and analyzed. If the samples cannot be analyzed soon, they will be 
adjust pH to about 3 and kept in refrigerator for storage. If gas samples were 
collect, they were analyzed too. 
 
 
 
 
Figure 2.4 Schematic of experimental procedure. 
 
2.2.4 Analysis Methods 
(1) HPLC 
 The HPLC analytic conditions are shown in Table 2.1. For analysis of low 
molecular organic acids, two tandem RSpark KC-811 columns (ion exclusion mode, 
highly selective separation for a broad range of organic acids) were used. UV detector 
was used because of highly sensitive to organic acid. 2 mM HClO4 solution was used 
as a mobile phase. For analysis of sugar, a SH-1011 column with both RI and UV 
Seal of the reactor
Reactions in the salt bath
Cool down 
Liquid samplesGas samples
Analysis by HPLC, GC/MS 
Weight of experimental 
materials
Collection of samples 
Analysis by GC/TCD
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detector was used. 5 mM H2SO4 solution was used as a mobile phase. Quantitative 
estimation of formic acid was based on average values obtained from the HPLC 
analysis of three samples.  
 
 
 
Table 2.1 HPLC analytic conditions for (a) organic acid and (b) sugar analyses 
Item Contents 
UV (210 nm), Millipore Waters 486 
Detector 
RI, Shodex RI-101 
(a) 
Shodex RSpark KC-G(6.0 * 50 mm) 
+ RSpark KC-811(8.0 * 300 mm) ×2 
60 oC 
Column 
(b)  
Shodex SUGAR SH-G (6.0×50 mm) 
+ SUGAR SH-1011 (8.0×300 mm) 
58 oC 
(a) 2 mM HClO4 solution 
Mobile phase  
(b) 5 mM H2SO4 solution, 1 mL/min 
Flow rate of mobile phase 1 mL/min 
HPLC pump L-7110T (Hitachi) 
Injection Manual, 10 μL 
  
 
(2) GC/MS 
 The GC/MS analyses were performed with a HP 5890 Series II GC equipped with 
a HP-INNOWAX capillary column (30 m × 0.25 mm I.D., 0.25 μm film thickness) 
and HP 5971 mass spectrometer, and analytic conditions are shown in Table 2.2.  
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Table 2.2 GC/MS analytic conditions 
Item Contents 
GC HP 5890 SeriesⅡ Plus 
MS HP 5971 Mass Spectrometer 
Column 
HP-INNOWAX (crosslinked polyethylene 
Glycool, 30 m ×φ0.25 mm×0.25 μm film 
thickness) 
Carrier gas Helium (G1 grade, 99.99995%), 0.73 mL/min 
Injection temperature 230 oC 
Detector temperature 250 oC 
Oven temperature 
40 oC（5min）- 7.5 oC/min-150 oC 
-3.0 oC/min- 250 oC(10min) 
Injection  HP 7673 autosampler, 2 μL 
 
 
(3) GC/TCD 
 GC/TCD was used for analyses of gas samples, and analytic conditions are shown 
in Table 2.3. 
 
(4) TOC 
 Total organic carbon of liquid samples was analyzed by a TOC analyzer 
(TOC-5000A, Shimadzu). 
 
(5) pH 
 pH of liquid samples were analyzed by a pHspear(AS-212, TwinpH). 
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Table 2.3 GC/TCD analytic conditions 
Item Contents 
GC HP 5890 SeriesⅡ Plus 
Detector TCD (Thermal conductivity detector) 
O2, N2, 
CO, H2 
analyses 
Molecular Sieve 5A(SUS, OD 1/8 inch, 
Length 12 ft, 80-100 mesh)  
Column 
CO2 
analyses 
Porapak Q(SUS, OD 1/8 inch, Length 6 
ft, 60-100 mesh)  
CO2 
analyses 
Helium (G1 grade, 99.99995%),  
227 mL/min 
N2, O2, CO 
analyses 
Helium (G1 grade, 99.99995%),  
50 mL/min 
 
Carrier 
gas  
 H2 
analyses 
N2 (99.999%) 
20 mL/min 
Injection temperature 150 oC 
Detector temperature 180 oC 
Oven temperature 100 oC 
Injection Manual, 0.2 mL 
 
 
2.2.5 Experimental Conditions 
 Experimental conditions are shown in Table 2.4. A wide rage of experimental 
conditions was chosen. A fixed weight of 0.07 g glucose was chosen except for 
studying the effect of the initial glucose amount, because the heat generated with 0.07 
g glucose from oxidation reaction will not influence the reaction temperature. The 
water fill is defined as the ratio of test solution volume into reactor volume. A fixed 
water fill of 30% was used in all experiment except for studying the effect of the 
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water fill. Reaction pressure is supposed to be adjustable by changing water fill, but 
nearly all the reaction pressure in our research is near saturated vapor pressure.  
 
Table 2.4 Experimental conditions 
 
Glucose  0.0175-0.105 g 
Reaction temperature  200-300 oC 
Reaction time  30-120 s 
Oxygen supply  80-160 % 
Water fill   30-60 % 
Alkaline   NaOH, KOH, Ca(OH)2 
 
 
2.2.6 Definition of the Yield and Selectivity of Formic Acid  
 
The target product of formic acid was evaluated by a formic acid yield, which is 
defined as the percentage of formic acid formation from saccharide based on carbon. 
For example of the formic acid yield from glucose, it was defined as:  
 
Carbon in formic acid [g]
Formic acid yield (wt%) = 100%            (2.2)
Carbon in the initial glucose [g]
   
 
The selectivity of formic acid production is also important reference, which is 
defined as the percentage of formic acid in the total organic production in liquid 
samples based on carbon: 
Carbon in formic acid [g] 
Formic acid selectivity (wt%) = 100%    
Total organic carbon in liquid sample [g]

(2.3)  
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2.3 Results and Discussion  
2.3.1 Formic Acid Production from Glucose 
(1) Effect of Reaction Temperature 
 
Hydrothermal oxidation experiments of glucose at different reaction temperatures 
were conducted at reaction condition: reaction temperature 200-300 oC, reaction time 
60 s, 120% and 160% oxygen supply. The effect of temperature was investigated with 
excess amount of oxygen than the stoichiometric requirement was studied. Excess 
amount of oxygen was used for completely oxidation of glucose to produce formic 
acid, because our previous research found that dehydration products, like 5-HMF and 
2-FA, were easily formed for insufficient oxygen supply [1]. Those dehydration 
products undergo further oxidation to form acetic acid, instead of formic acid. HPLC 
analysis results of samples at 200 oC, 250 oC and 300 oC with 120% oxygen supply 
are shown in Figure 2.5. For all reaction temperature, in addition to formic acid, only 
a few low molecular weight carboxylic acids, such as acetic acid and lactic acid, were 
identified. Formic acid is the only main product for hydrothermal oxidation of glucose 
with the sufficient oxygen supply.  
As shown in Figure 2.6, which is the effect of temperature on the yield of formic 
acid with both 120% and 160% oxygen supply, the formic acid yield initially 
increased up until about 250 oC, and then decreased for any further increase in a 
reaction temperature and the highest formic acid yield of 19.8% and 17.4% occurred 
at 250 oC, respectively. The formic acid yield with 120% oxygen supply is higher than 
the yield with 160% oxygen supply throughout the reaction temperatures. The pH for 
all liquid samples after reactions was about 2.7. The selectivity of formic acid for all 
samples was higher than 90%, which indicate that nearly all organic carbon exists as 
formic acid in liquid phase, however it is just a small part of carbon from glucose, and 
the others most exists in gas phase. These results show that a considerable yield of 
formic acid can be obtained by hydrothermal oxidation of glucose with sufficient 
oxygen supply, and 250 oC is optimum for formic acid production. 
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Figure 2.5 HPLC chromatograms of liquid samples from hydrothermal oxidation of 
glucose at (a) 200 oC, (b) 250 oC and (c) 300 oC, with 120% oxygen supply, reaction 
time 60 s.  
(Column KC-811, UV detector at 210 nm, mobile phase 2 mM HClO4) 
 
Figure 2.6 Yield of formic acid from hydrothermal oxidation of glucose with  
(■) 120% oxygen supply and (▲) 160% oxygen supply, reaction time 60 s, as a 
function of reaction temperature. 
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(2) Effect of Oxygen Supply 
 
To investigate the effect of oxygen supply, experiments was conducted at reaction 
temperature 250 oC, reaction time 60 s, 100-140% oxygen supplies. As shown in 
Figure 2.7, there is no significant effect on the yield of formic acid for the oxygen 
supply in the range from 100% to 140%. However, the yield at 120% oxygen is 
slightly higher than the yields at either 100% or 140%, except for the reaction time of 
30 s. With 140% oxygen, a decrease in the yield of formic acid was observed for a 
reaction time of 90 s. When the oxygen supply was lower than 80%, beside formic 
acid, other products, such as HMF, lactic acid and 2-FA, from dehydration of glucose 
became more dominant. At the same time the liquid samples show black or brown 
yellow, which indicate the polymerization of glucose occurs. The yield of formic acid 
was less than 1% for the H2O2 free case.  
 The gas products were investigated with different oxygen supply at reaction 
condition: reaction temperature 250 oC, reaction time 60 s, 60-140% oxygen supply. 
As shown in Table 2.5, the main gaseous products were CO2, CO and O2, with a few 
of H2 and other gases. The CO2 and O2 production increased with oxygen supply 
increased form 60% to 140%, and CO production was relatively stable.  
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Figure 2.7 Yield of formic acid from hydrothermal oxidation of glucose at 250 oC as a 
function of oxygen supply: reaction time (■) 30 s, (●) 40 s, (▲) 60 s, (×) 90 s.  
 
 
Table 2.5 Gas productions from hydrothermal oxidation of glucose at 250 oC, reaction 
time 60 s, with different oxygen supplies 
 
Oxygen supply Gas Product / m mol 
/ % O2 CO CO2 H2 Total 
60 0.054 0.181 0.618 0.005 0.982 
80 0.166 0.252 0.954 0.009 1.674 
100 0.416 0.28 1.103 0.006 1.992 
120 0.819 0.301 1.16 0.008 2.502 
140 1.168 0.242 1.081 0.004 2.786 
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(3) Effect of Reaction Time 
 
 To investigate the effect of reaction time, experiments were conducted at reaction 
temperature 200 oC, 250 oC and 300 oC, with 120% oxygen supply. Shortest reaction 
time was 30 s, because heating time of a tubular reactor takes 10-20 s. As shown in 
Figure 2.8, at all temperatures, the formic acid yield initially increases until 60 s and 
then decreases for a further increase in reaction time. The formic acid yield at 250 ◦C 
was higher than the yields at 200 ◦C and 300 ◦C throughout the reaction times. 
Consequently, the highest formic acid yield of 24% occurred at a reaction temperature 
250 ◦C and time of 60 s.  
 
 
Figure 2.8 Yield of formic acid from hydrothermal oxidation of glucose at (■) 200 oC, 
(●) 250 oC and (▲) 300 oC, with 120% oxygen supply as a function of reaction time.  
 
(4) Effect of the Initial Glucose Amount 
 
For an industrialization use, a high initial glucose amount is much attractive. An 
initial glucose amount of 0.07g was used in past researches and the water fill ratio was 
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30%, so the weight load was 4wt% for these conditions. To investigate the effect of 
the initial glucose amount, experiments was conducted at reaction temperature 
200-300 oC, reaction time 60 s, 120% oxygen supply with 0.0175-0.14 g glucose, the 
experiment conditions and the yield of formic acid are shown in Table 2.6.  
A highest yield of formic acid of about 28.4% was obtained with 0.035 g glucose 
(2 wt%) at 200 oC with 120% oxygen supply, reaction time 60 s. At lower weigh load, 
the lower yield of formic acid, which maybe because reaction occur faster and formed 
formic acid further decomposed easily. At higher weigh load, the yield of formic acid 
decreased slightly, and the samples with black solid particle was found, probably 
because of mixing problems or oxygen transfer limits. Thus, a higher yield of formic 
acid could be achieved with a higher initial glucose weight load if the mixing 
problems can be improved. 
 
 
Table 2.6 Formic acid productions from hydrothermal oxidation of different initial 
amount of glucose at 200 oC, 250 oC and 300 oC, with 120% oxygen supply, reaction 
time 60 s 
Run 
No. 
Glucose  
/ g 
Reaction 
temperature 
/ oC 
Oxygen 
supply *  
/ % 
Reaction 
time   
/ s 
Yield of 
formic acid  
/ % 
1 0.0175 200 120 60 26.2  
2 0.0175 250 120 60 20.8  
3 0.0175 300 120 60 17.4  
4 0.035 200 120 60 28.4  
5 0.035 250 120 60 24.0  
6 0.035 300 120 60 19.7  
7 0.07 200 120 60 17.7  
8 0.07 250 120 60 19.6  
9 0.07 300 120 60 18.2  
10 0.1035 200 120 60 16.3  
11 0.1035 250 120 60 17.9  
12 0.1035 300 120 60 17.5  
     * For the same oxygen supply, the amount of H2O2 maybe different, depending on the initial 
glucose amount. 
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(5) Effect of Water Fill Ratio 
 
To investigate the effect of water fill ratio, a 4 wt% glucose with 120% oxygen 
supply was fixed throughout, the reaction temperature was varied from 200-300 oC, 
and water fill from 30-60%. The experiment conditions and yield of formic acid are 
shown in Table 2.7.  
The yield of formic acid about 20% for all water fills was obtained, which 
showed no significant influence on the yield of formic acid. For safety reason, a lower 
water fill ratio of 30% was chosen in further experiments. 
 
Table 2.7 Formic acid productions from hydrothermal oxidation of glucose at 200 oC, 
250 oC and 300 oC, with 120% oxygen supply, reaction time 60 s, with different water 
fill 
Run 
No. 
Water fill 
/ % 
Glucose  
/ g 
Reaction 
temperature 
/ oC 
Oxygen 
supply*  
/ % 
Reaction 
time   
/ s 
Yield of 
formic acid 
/ % 
1 30 0.07 200 120 60 17.7  
2 30 0.07 250 120 60 19.6  
3 30 0.07 300 120 60 18.2  
4 45 0.105 200 120 60 18.0  
5 45 0.105 250 120 60 17.9  
6 45 0.105 300 120 60 18.7  
7 60 0.14 200 120 60 19.3  
8 60 0.14 250 120 60 20.0  
9 60 0.14 300 120 60 21.2  
* For the same oxygen supply, the amount of H2O2 maybe different, depending on the initial 
glucose amount. 
 
 
From discussions above, formic acid is easily be produced from hydrothermal 
oxidation of glucose, a best formic acid yield of about 28% is achieved with 0.035 g 
glucose, at 200 oC, with 120% oxygen supply, reaction time 60 s. 
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2.3.2 Improvement of Formic Acid Production in Hydrothermal 
Oxidation of Glucose 
 
 As mentioned above, the highest yield of formic acid was about 28%, however, 
based on the oxidation mechanism of glucose proposed by our groups [1], shown in 
Fig 2.9. Thus 1 mol of glucose should produce 6 mol of formic acid by hydrothermal 
oxidation, which means a totally conversion of carbon to formic acid and a 100% 
yield of formic acid production. Through operation and stainless tube reactor may 
affect the yield of formic acid, a yield much higher than 28% is expected. 
 
(1) Possible Reason for Low Yield of Formic Acid from Hydrothermal Oxidation of 
Glucose 
 
One possible reason for a low yield of formic acid is that the hydrothermal 
oxidation of glucose undergo different reaction pathway to form other products. To 
check the assumption, products in the liquid phase at low temperature of 200 oC were 
further examined not only by the HPLC but also GC/MS. As a result, only formic acid 
and small amount of acetic acid and lactic acid were confirmed. The TOC results also 
showed that formic acid contains over 90% of TOC for almost samples, which is a 
very high selectivity formic acid production. These results suggest that the oxidation 
reaction is dominated. This result is further confirmed by the carbon distribution in 
both liquid and gaseous phases at the reaction condition, reaction temperature 250 oC, 
120% oxygen supply, reaction time 60 s, for formic acid production. 26.7% carbon 
was found remain in aqueous, and much more 59.3% carbon existed in the gas phase 
as carbon dioxide and carbon monoxide is in the gas phase. No solid particles were 
found, so a total carbon balance of 86% was obtained. 
Another possible reason for low yield of formic acid is that the formed formic 
acid from hydrothermal oxidation of glucose undergoes further decomposition 
reaction. The carbon dioxide in gas phase probably comes from the decomposition 
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Figure 2.9 Proposed oxidation pathways of carbohydrates biomass. [1] 
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Figure 2.10 Decomposition of 10,000 ppm formic acid solution at 250 oC, reaction 
time 60 s, with (■) 0% oxygen supply, (●) 60% oxygen supply and (▲) 120% oxygen 
supply.  
 
 
of formed formic acid. The decomposition of formic acid may undergo 
decarboxylation and/or dehydration reaction. However, the possibility of 
decarboxylation and dehydration of formic acid was eliminated by analyzing gas 
samples, which showed that most of the gaseous product was carbon dioxide with a 
small amount of carbon monoxide, and very little hydrogen was detected. Hydrogen 
gas is not so highly active under hydrothermal conditions and if formed it should 
remain in the system. From these results, it is suggested that formed formic acid was 
likely to decompose to carbon dioxide and water by oxidation reaction. 
In order to figure out the stability for formic acid under the reaction conditions,, 
the experiment for formic acid decomposition was carried out to check the formic 
acid stability at the reaction conditions: 10,000 ppm formic acid, at reaction 
temperature 250 oC, 0-120% oxygen supply, reaction times 60 s, water fill ratio 30%.  
As shown in Figure 2.10, formic acid is very stable in the absence of H2O2, and 
the decomposition of formic acid increased with increasing oxygen supply. When the 
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oxygen supply was increased to 120%, about 60% of formic acid decomposed in a 
very short reaction time. When H2O2 was added, the gas composition was almost the 
same as that after the oxidation of glucose, that is, the predominant gaseous product 
was carbon dioxide, and no hydrogen was detected. These results further indicate that 
the oxidative decomposition of formic acid limited the yield to about 20%. Thus, 
preventing the oxidative decomposition of formic acid is very important in order to 
improve the yield of formic acid. 
 
 
(2) Method for Improving Yield of Formic Acid 
 
1 2
2cos               
k kGlu e Formic acid CO 
 
Figure 2.11 First order assumption for formic acid production from glucose and 
formic acid decomposition. 
 
 
From above discussions, formic acid is produced from glucose, and the formed 
formic acid is supposed to undergo further oxidative decomposed to carbon dioxide. 
Assuming that both the production of formic acid from glucose and the decomposition 
of formic acid to carbon dioxide followed the first order reaction [2,3], shown in Figure 
2.11, and the concentration of formic acid could be written as: 
glucose
1 glucose
formic acid
1 glucose 2 formic acid
dC
k C                                            (2.4)       
dt
dC
k C k C                      (2.5)       
dt
 
 
 
 k1, k2: first order reaction rate constant, Cglucose and Cformic acid: concentration for 
glucose and formic acid；t: reaction time. 
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 In order to improve the yield of formic acid, an increase of k1, or a decrease of k2, 
or an increase of k1 with a decrease of k2 at same time are needed. 
With the reaction constants at different temperatures, an Arrhenius plot was 
followed as: 
01
1 1
02
2 2
exp( ) (2.6)
exp( ) (2.7)
E
k A
RT
E
k A
RT
   
   
 
 As shown in Eq. 2.6 and 2.7, reaction temperature is an important factor to 
reaction rate constant k. But the increase/decrease of temperature will 
increase/decrease the k1 and k2 at same time, the results in last part research have 
shown that it is hard to improve formic acid by changing reaction temperature. A 
method for a decrease of k2 is much easy for getting high formic acid yield. 
 
(3) Propose for Improving the Yield of Formic Acid by Addition of Alkaline 
 
The addition of alkaline is a useful method for decreasing k2, in other word 
decreasing the decomposition of formed formic acid. Though the effect of alkaline 
addition is not very clear, many reports claim that alkaline can accelerate the 
decomposition of organic compounds, our previous studies, as well as some other 
studies[4,5,6,7,8], have demonstrated that alkaline can prevent organic compounds from 
being oxidized [9,10,11,12] . 
To investigate the effect of alkaline, experiments for decomposition of 10,000 
ppm formic acid solution with alkaline were carried out at reaction temperature 250 
oC, 120% and 200% oxygen supply, reaction times 60 s, water fill ratio 30%. As 
expected (see Fig. 2.12), an increase of NaOH above 0.1 M in concentration led to a 
significant decrease in the decomposition of formic acid even when there was an 
excess oxygen supply. These results suggested that a higher yield of formic acid could 
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be realized if the oxidative decomposition of formic acid is inhibited by adding an 
alkaline, which means that the addition of alkaline can decrease the reaction rate 
constant k2.  
   
 
Figure 2.12 Decomposition of 10,000 ppm formic acid in alkaline addition at 250 oC, 
with (■) 200% oxygen supply and (▲) 120% oxygen supply, reaction time 60 s. 
 
 
2.3.3 Formic Acid Production from Glucose in the Presence of 
Alkaline  
(1) Effect of Alkaline Concentration and Reaction Temperature 
 
 Hydrothermal oxidation experiments of glucose with alkaline addition at different 
reaction temperatures were conducted at reaction temperature 200-300 oC, reaction 
time 60 s, with 0.2-1.0 M NaOH, 120% oxygen supply. As shown in Figure 2.13, at 
all temperatures, the yield of formic acid production is improved by alkaline addition, 
and a higher yield of formic acid were obtained for higher concentration of alkaline 
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addition. Similarly to reactions without alkaline, for each concentration of alkaline 
addition, the yield of formic acid initially increased then decreased as the reaction 
temperature increased from 200 oC to 300 oC, the peaks also at 250 oC. A highest yield 
of formic acid about 70% was obtained at 250 oC with 1 M NaOH addition. 
 At 300 oC, the yields of formic acid decreased greatly for 0.5-1.0 M NaOH 
addition, which suggest that alkaline addition cannot prevent the decomposition of 
formic acid at 300 oC. The high temperature is not suitable for formic acid recovery. 
The yields of formic acid were even lower than that without alkaline addition for 0.2 
M NaOH addition, which prove again that the low addition of alkaline may catalyze 
the decomposition of formic acid. 
 
 
Figure 2.13 Yield of formic acid from hydrothermal oxidation of glucose, with 120% 
oxygen supply, reaction time 60 s, with (■) 1.00 M, (●) 0.75 M, (▲) 0.50 M, and (×) 
0.20 M NaOH addition, as a function of reaction temperature. 
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(2) Effect of Oxygen Supply 
 
Hydrothermal oxidation experiments of glucose with alkaline addition under 
different oxygen supply were conducted at reaction temperature 250 oC, reaction time 
60 s, 0.5-1.0 M NaOH, 80-160% oxygen supplies. As shown in Figure 2.14, a higher 
concentration of NaOH addition, higher yield of formic acid was produced. For all 
concentration of NaOH addition, the highest yield of formic acid was obtained with 
oxygen supply of 120%. A sufficient but not too excess oxygen supply of 120% is the 
optimum reaction condition for formic acid production and is also same with the 
formic acid production of without alkaline addition. 
 
 
 
Figure 2.14 Yield of formic acid from hydrothermal oxidation of glucose at 250 oC, 
with 120% oxygen supply, reaction time 60 s, with (■) 1.00 M, (●) 0.75 M, (▲) 0.50 
M NaOH addition, as a function of oxygen supply. 
 
 
The HPLC result of samples with 0.75 M NaOH addition is shown in Figure 2.15, 
more intermediates or products were supposed to be detective at low alkaline addition, 
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which would help us to know the effect of oxygen supply. It is seen that for 
non-sufficient oxygen supply of 80%, the yield of formic acid was low and a great 
amount of other organic acids were produced. For sufficient oxygen supply of 120%, 
the yield of formic acid was increased and other organic acids decreased. For an 
excess oxygen supply of 160%, all peak for organic acids decreased. The increase of 
oxygen supply will decrease the acetic acids production, but increase the formic acid 
production of formic acid, which show good selective or catalyst effect for formic 
acid production through α–position oxidation, because acetic acid if formed would 
much more stable than formic acid under same hydrothermal oxidation. And the yield 
of formic acid decreased under high oxygen supply, which maybe due to high 
decomposition rate of formic acid under high oxygen supply. 
 
 
Figure 2.15 HPLC chromatograms of liquid samples from hydrothermal oxidation of 
glucose in 0.75M NaOH addition, at 250 oC, reaction time 60 s, with (a) 160% 
oxygen supply, (b) 120% oxygen supply and (c) 80% oxygen supply. 
(Column KC-811, UV detector at 210 nm, mobile phase 2 mM HClO4) 
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(3) Effect of Reaction Time 
 
Hydrothermal oxidation experiments of glucose with alkaline addition under 
different reaction times were conducted at reaction temperature 250 oC, reaction time 
30-120 s, with 0.5-1.0 M NaOH. As shown in Figure 2.16, a higher concentration of 
NaOH addition, higher yield of formic acid was produced. For all NaOH 
concentration, a highest yield of formic acid was obtained with reaction time of 60 s, 
which is just same as that obtained without alkaline addition.  
 
Figure 2.16 Yield of formic acid from hydrothermal oxidation of glucose in (■) 1.00 
M, (●) 0.75 M, and (▲) 0.50 M NaOH addition, at 250 oC, with 120% oxygen supply, 
as a function of reaction time. 
 
(4) Effect of the Initial Glucose Amount 
 
Hydrothermal oxidation experiments of glucose with the initial glucose amount were 
conducted at reaction condition: 0.0175-0.105 g glucose, reaction temperature 250oC, 
reaction time 60 s, 1.0 M NaOH. As shown in Figure 2.17, the highest yield of formic 
acid of about 90% was obtained at 0.035 g (2 wt%). At lower weigh load, the reaction 
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occurs faster and completely, however a lower formic acid was obtained. At higher 
weigh load, the yield of formic acid decreased slightly. The same result as 
hydrothermal oxidation without alkaline addition is obtained. The HPLC result shown 
in Figure 2.18, proved this assumption for effect of the initial glucose amount. For 
0.035 g (2 wt%) initial glucose amount showed only formic acid as main product, but 
with higher initial glucose amount, quite amount of other organic acids were produced 
maybe because of mixing problems and oxygen transfer limits. Thus, 0.07 g glucose 
was chosen for comparing reason. 
 
 
 
 
Figure 2.17 Yield of formic acid from hydrothermal oxidation of glucose in 1 M 
NaOH addition, at 250 oC, with 120% oxygen supply, reaction time 60 s, as a function 
of glucose amount.  
Symbol: (■) yield of formic acid, (○) selectivity of formic acid. 
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Figure 2.18 HPLC chromatograms of liquid samples from hydrothermal oxidation of 
(a) 0.105 g, (b) 0.0875 g and (c) 0.035 g glucose, at 250 oC, with 120% oxygen supply, 
reaction time 60 s, in 1.0 M NaOH addition. 
 (Column KC-811, UV detector at 210 nm, mobile phase 2 mM HClO4) 
 
 
 (5) Effect of Water Fill Ratio 
 
Hydrothermal oxidation experiments of glucose with alkaline addition under 
different water fill were conducted at reaction temperature 250 oC, reaction time 60 s, 
1.0 M NaOH, 30-60% water fill. As shown in Table 2.8, with a increase in water fill, 
the yield of formic acid decrease from about 70% to 35%, which may due to the bad 
mixing and heating exchange for higher water fill. 30% water fill is the optimum 
reaction condition for formic acid production. 
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Table 2.8 Formic acid productions from hydrothermal oxidation in 1.0 M NaOH 
addition, at 250 oC, with 120% oxygen supply, reaction time 60 s, with different water 
fill 
Run 
No. 
Water fill 
/ % 
Glucoes  
/ g 
Reaction 
temperature 
/ oC 
Oxygen 
supply* 
/ % 
Reaction 
time   
/ s 
Yield of 
formic acid  
/ % 
1 30 0.07 250 120 60 68.9  
2 40 0.093 250 120 60 60.1  
3 50 0.116 250 120 60 49.0  
4 60 0.14 250 120 60 35.2  
* For the same oxygen supply, the amount of H2O2 maybe different, depending on the initial 
glucose amount. 
 
 (6) Effect of Alkaline Kind 
 
Hydrothermal oxidation experiments of glucose with different alkaline kind and 
concentration were conducted at reaction temperature 250 oC, reaction time 60 s, 
0.2-1.25 M NaOH, KOH and Ca(OH)2. From Figure 2.19, it can be seen that an 
increase in alkali concentration beyond 0.2 M led to a significant increase in yield of 
formic acid. When the alkali concentration increased to 1.25 M, the formic acid yield 
increased to about 70 and 75% for NaOH and KOH, respectively. We examined the 
selectivity of the formic acid for the sample obtained under the conditions for getting 
the highest yields with KOH addition and found that the selectivity was as high as 
95%. When Ca(OH)2 was added, at first 0.2 M, the yield of formic acid also decreases 
and then increase with the Ca(OH)2 concentrations. But when the concentration was 
above 1.0 M, the yield of formic acid was nearly the same, which may caused by the 
low solubility of Ca(OH)2. In fact residual solid of Ca(OH)2 was observed.  
 The pictures for 1.0 M NaOH, 1.0 M KOH and 0.5 Ca(OH)2 addition are shown 
in Figure 2.20, clean and clarify samples for NaOH and KOH, but solid particle for 
Ca(OH)2.The HPLC analytic result of the three samples are shown in Figure 2.21. 
When NaOH and KOH are used, the production is nearly same, with in addition to 
formic acid, only a few low molecular weight carboxylic acids (lactic acid and acetic 
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acid) were identified. And as low solubility alkaline addition of Ca(OH)2 used, a 
lower formic acid and more complex production distribution is observed, that 
Ca(OH)2 cannot prevent all the decomposition of formic acid and the formic acid 
decreased comparing to that from NaOH and KOH 
 The soluble NaOH and KOH were suitable for formic acid production, and more 
economical 1.0 M NaOH was chosen as optimum reaction conditions for formic acid 
production. 
The ions from the reactor wall or other addition have influences on formic acid 
production from hydrothermal oxidation of glucose. The alkaline metal ions were 
found low influence. However, divalent metal ions have great influence. The 
solubility of divalent metal ions greatly limited the OH- ion in solution, while Fe2+ 
catalyst the radicals production and reaction, and Zn2+, Cu2+, Ca2+ have a 
retro-aldolization of glucose and fructose [13].  
 
Figure 2.19 Yield of formic acid from hydrothermal oxidation of glucose in (■) NaOH, 
(●) KOH, and (▲) Ca(OH)2, at 250 
oC, with 120% oxygen supply, reaction time 60 s, 
as a function of alkaline concentration. 
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Figure 2.20 Pictures for samples of hydrothermal oxidation of glucose in alkaline 
addition, at 250 oC, with 120% oxygen supply, reaction time 60 s, with (a) 1.0 M 
NaOH, (b) 1.0 M KOH and (c) 0.5 M Ca(OH)2. 
 
 
Figure 2.21 HPLC chromatograms of liquid samples from hydrothermal oxidation of 
glucose in (a) 1.0 M NaOH, (b) 1.0 M KOH and (c) 0.5 M Ca(OH)2 addition, at 250 
oC, with 120% oxygen supply, reaction time 60 s. 
(Column KC-811, UV detector at 210 nm, mobile phase 2 mM HClO4) 
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2.3.4 Mechanism for Formic Acid Production from Carbohydrates  
(1) Reaction Pathway and Mechanism for Formic Acid Production from Glucose 
 
As described in Figure 2.9, which shows the proposed reaction mechanism for 
hydrothermal oxidation of glucose, formic acid is probably formed in the oxidation of 
glucose by the rupture of C1-C2 or C5-C6 (α-scission) and/or the rupture of C2-C3 or 
C4-C5 (β-scission). The former directly yields formic acid, and the latter yields 
formic acid via oxalic acid. Since the oxidation of glucose occurs very fast, to obtain 
more intermediates for investigating the oxidation process, low reaction temperature 
and short reaction times were used. As shown in Figure 2.22, at short reaction time of 
30 and 40 s，beside to formic acid, some of intermediates at about retention time of 10 
min was found, and at 60 and 90 s, these intermediates disappear, and only a main 
formic acid peak was confirmed. Through oxalic acid is detected, it disappears very 
fast, which suggests a fast and complete decomposition with 120% oxygen supply. 
 
Figure 2.22 HPLC chromatograms of liquid samples from hydrothermal oxidation of 
glucose at 200 oC, 120% oxygen supply, reaction time (a) 30 s, (b) 40 s, (c) 60 s, and 
(d) 90 s. 
(Column KC-811, UV detector at 210 nm, mobile phase 2 mM HClO4) 
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Table 2.9 Decomposition of 5,000 ppm oxalic acid at 250 oC, reaction time 40 s 
 
Run 
No. 
Reaction condition 
Decomposition 
/% 
1 0% oxygen supply 72.3 
2 120% oxygen supply 95.0 
3 0% oxygen supply, 0.2 M NaOH 0.0 
4 120% oxygen supply, 0.2 M NaOH 17.5 
 
 
Oxidation experiments with 5,000 ppm oxalic acid were conducted at 250 oC for 
40 s with an oxygen supply of 120 %, both with and without alkali. The results 
showed that no formic acid was detected when NaOH was not added, and formic acid 
yield was also low, only about 14 % in the case where alkali (0.20 M NaOH) was 
added.  
The possibility that no detection of oxalic acid is due to its decomposition should 
be eliminated because, as can be seen in Table 2.9, the decomposition of oxalic acid 
was considerably low in the case where alkali was added even with an excess oxygen 
supply. From these results, formic acid is probably formed mainly from the direct 
oxidation of glucose by α-scission, rather than via oxalic acid by β-scission, as shown 
in Figure 2.23.  
 
 
 
 
Figure 2.23 Reaction pathway for hydrothermal oxidation of glucose. 
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In production of formic acid from hydrothermal oxidation of glucose, a radical 
reaction mechanism was proposed generally. The H2O2 first produce a great amount 
of OH• radicals under the effect of reactor wall. The radicals attached the α-position 
under the alkaline addition, and selectively produce formic acid. The molecular 
oxygen was also produced under the hydrothermal conditions, but hardly reacted with 
glucose, because the reaction of glucose main occurred in aqueous. For oxidation of 
monosaccharides and disaccharides by hydrogen peroxide at room temperature using 
borate as catalyst, α-hydroxy hydroperoxide cleavage mechanisms and ester 
mechanism was also reported by Berg [14]. 
 
 
(2) The Catalyst Effect of Alkaline in the Formic Acid Production 
As motioned before, the alkaline can prevent the decomposition of formed 
organic acids, in other words to decrease k2. However, another possible explanation of 
the increase in the yield of formic acid in the presence of alkaline may be attributed to 
the increase of k1. To investigate this possibility, the glycolaldehyde, the simplest 
sugar; and the glyceraldehyde, the simplest reducing sugar were used, and also 
formaldehyde was used for comparison. The chemical structures for formaldehyde, 
glycolaldehyde and glyceraldehyde were shown in Figure 2.24. 
 The solution with different concentration was used, and experiments were 
conducted at reaction temperature 150 oC (using sand bath for heating, detailed 
information in chapter 3), reaction time 15 min, with 0-1.0 M NaOH.  
 
 
 
Figure 2. 24 Chemical structures for formaldehyde, glycolaldehyde and 
glyceraldehyde. 
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The results for formic acid production were shown in Figure 2.25. For formaldehyde, 
for condition without oxygen supply, the yield of formic acid increased with NaOH 
concentration increased, and keep stable at a highest yield of about 50%. It was 
known as the aldehyde self-disproportionation [15], that two molecular formaldehydes 
were supposed to produce 1 molecular of formic acid and 1 molecular methanol: 
 
2HCHO(g) + H2O(l) → HCOOH(l) + CH3OH(l)   ΔrH⊖= -146.56 KJ/mol  (2.8)   
 
 
 
 
Figure 2.25 Yield of formic acid from hydrothermal reaction of (■) 1,280ppm 
formaldehyde with 120% oxygen supply; (□) 1,280ppm formaldehyde without H2O2; 
(●) 1,000ppm glycoladehyde with 120% oxygen supply; (○) 1,000ppm glycoladehyde 
without H2O2; (▲) 1,000ppm glyceraldehyde with 120% oxygen supply; (△) 
1,000ppm glyceraldehyde without H2O2. 
(Reaction temperature 150 oC, reaction time 15 min) 
 
 
The HPLC analytic results in Figure 2.26 shows, that the formic acid and methanol 
peaks were formed. However, when suing 120% oxygen supply, a simple oxidation 
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reaction is supposed to happen, and a yield of formic acid of about 68% was obtained; 
and it will improve to nearly 100% with addition of alkaline.  
 
HCHO(g) + H2O2(l) → HCOOH(l) + H2O(l)     ΔrH⊖= -407.24 KJ/mol  (2.9)  
 
For sugars of glycoladehyde and glyceraldehyde, in the absence of oxygen, both 
of them are stable and less than 10% was converted to formic acid, and the addition of 
alkaline has no significant effect for hydrothermal reaction of glycoladehyde and 
glyceraldehyde. In the case of 120% oxygen supply, yields of formic acid of about 
20% were obtained for both of glycoladehyde and glyceraldehyde, and the yield of 
formic acid increased greatly to about 87% in the presence of 0.05 M NaOH.  
 
 
Figure 2.26 HPLC chromatograms of samples for hydrothermal reaction of 1,280 ppm 
formaldehyde without H2O2 at 150 
oC, reaction time 15 min:  
(a) No NaOH, (b) 0.05 M NaOH, (c) 0.25 M NaOH, (d) 0.50 M NaOH, (e) 1.00 M 
NaOH. 
(Column SH-1011, RI detector, mobile phase 5mM H2SO4) 
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Figure 2.27 HPLC chromatograms of liquid samples for hydrothermal reaction of (A) 
1,000 ppm glycoladehyde and (B) 1,000 ppm glyceraldehyde at 150 oC, reaction time 
15 min, with (a) no oxygen supply; (b) 120% oxygen supply; (c) 120% oxygen supply 
and 0.05 M NaOH. 
(Column SH-1011, RI detector, mobile phase 5mM H2SO4) 
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A low concentration of 0.05 M NaOH showed no effect for preventing the 
decomposition of formed formic acid, as discussed in Figure 2.14, the only possible 
reason for the fast increase of formic acid was that the alkaline will catalyst the 
selective α–position oxidation of sugar for formic acid production from sugars, which 
increase the reaction rate constant k1.  
Based on above discussion, the effect of alkaline to improve the yield of formic 
acid from hydrothermal oxidation of monosaccharides can be concluded as: 
1. Prevent decomposing of formed formic acid; 
2. Catalytic and selective α–position oxidation of monosaccharides to produce 
formic acid. 
 
 
2.4 Summary 
 
Formic acid is the main product in hydrothermal oxidation of glucose. Reaction 
temperature, reaction time and oxygen supply, greatly affect the production of formic 
acid from hydrothermal oxidation of glucose. However, the highest yield of formic 
acid was limited to about 20%. 
The use of alkaline can enhance greatly the yield of formic acid. A fair yield of 
formic acid of about 85% was achieved with 0.035 g glucose, reaction temperature 
250 oC, reaction time 60 s, 120% oxygen supply, with 1.0 M NaOH addition. 
The effect of alkaline to improve the yield of formic acid from hydrothermal 
oxidation of monosaccharides can explained as no only inhibition of decomposing of 
formed formic acid, but also catalytic and selective α–position oxidation of 
monosaccharides to produce formic acid. 
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Chapter 3. Formic Acid Production by Hydrothermal 
Oxidation of Monosaccharides and Disaccharides 
 
3.1 Introduction 
Beside glucose, hydrothermal oxidation of several other important 
monosaccharides in carbohydrate chemistry, such as fructose, galactose and xylose,[1,2] 
are needed to examine the production of formic acid. Fructose is an epimer of glucose 
and is found in many foods, and also it could be formed through LABE 
etransformation of glucose under hydrothermal condition [3]. Galactose is an epimer of 
glucose too and is found in daily products and hemicellulose. Xylose, a five-carbon 
aldose and structurally like with glucose, is the main building block for hemicellulose. 
Thus, the production of formic acid from the oxidation of these monosaccharides is 
investigated in this chapter. Further, disaccharides, cellobiose and maltose, also will 
be investigated in this chapter.  
As discussed in Chapter 2, the reaction temperature of 250 oC is optimum for 
formic acid production from hydrothermal oxidation of glucose. A milder reaction 
temperature is preferred for preventing the reactor corrosion problems at high 
temperature and maintaining a stable and secure operation. Thus, a sand bath reaction 
system was used in this chapter, because the salt bath reaction system can not be used 
below 200 oC. Experiments for hydrothermal oxidation of glucose under lower 
temperatures are also carried out for comparing in this chapter. Finally, reaction 
pathway and mechanism of hydrothermal oxidation of glucose under lower 
temperatures will be further discussed.  
  
3.2 Experimental 
3.2.1 Materials and Chemicals 
 Same glucose was used as in Chapter 2 and other test materials used in this 
chapter are shown in Table 3.1. All other chemicals used in this study were purchased 
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from WAKO. 
 
Table 3.1 Test materials of model saccharides 
 
Test material Purity Maker 
Glucose >99% Nacalai Tesque 
Fructose >99% SIGMA 
Galactose >98% WAKO 
Xylose >99% WAKO 
 Cellobiose >98% SIGMA 
Maltose >98% WAKO 
 
 
  
 
 
3.2.2 Experimental Apparatus 
 In this chapter, the tubular reactor, using sand bath for heating, was used for 
experiment, because salt bath reaction system used in Chapter 2 could not be used 
below 200 oC.  
 
Sand bath
Heating oven 
Figure 3.1 Schematic of sand bath reaction system. 
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(1) Tubular Reactor 
Same type of tubular reactor, as that used in Chapter 2, was used. 
 
(2) Sand Bath System for Heating 
A salt bath, as shown in Figure 3.1, was used for experiments, which could be run 
at lower temperature, and also it is a good simulation for use of geothermal and waste 
vapor resource.  
 The toyoura standard sand, 0.1-0.3 mm, purchased from Iwamoto Mineral Co., 
ltd, was put in a stainless bath, which was set up inside a heating oven (Muffle 
Furnace, FO710, Yamato). Same as salt bath used in Chapter 2, the sand bath was 
preheating to the desired reaction temperature and the temperature of sand bath is 
monitored by thermocouple and after stable for 1-2 hours it is ready for use.  
The heating curve for temperature inside the tubular reactor is shown in Figure 
3.2, as the sand bath set temperature of 200 oC, 250 oC and 300 oC, the temperature 
inside the tubular reactor was raised to the set temperature in about 8 min and keep 
stable. Sand bath was set inside of heating oven, so the tubular reactor is hardly to be 
shaken during the reaction time, but a comparing test with and without agitation 
showed that no significant change was observed. 
  
3.2.3 Experimental Procedure 
 Same experimental procedure as Chapter 2 was processed, except for that the 
reactor will be immersed into sand bath during the reaction. 
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Figure 3.2 Temperature inside tubular reactor after immerged into sand bath. 
 
3.2.4 Analysis Methods 
Same analysis method as Chapter 2 was carried out. However because of the 
possible low conversion ratio at low reaction temperature, analysis of remained sugar 
was mainly carried out by HPLC analysis, in Shodex SH1011 column with UV and RI 
detector. 5 mM H2SO4 solution was used as a mobile phase.  
Beside HPLC, CE (Agilent) was also used to detect more intermediates. The 
conditions for CE analysis are shown in Table 3.2. 
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Table 3.2 CE analytic conditions 
 
Item Contents 
Detector 
Signal 350/20 nm 
Reference 200/10 nm 
Column Capillary, 72 cm/75 µm i.d. 
Applied voltage  -25 kV 
Temperature 20 oC 
Injection 
1, Pressure, 50 mbar for 2 seconds from sample vial,
2, Post-injection of buffer from InHome vial,  
50 mbar for 4 seconds 
Precondition Buffer flush for 4 min at 1 bar prior to each run 
  
 
3.2.5 Experimental Conditions 
According to optimum reaction conditions in Chapter 2, experimental conditions 
as shown in Table 3.4 were chosen. 
 
Table 3.3 Experimental conditions 
 
Test material  0.07 g 
Reaction temperature  100-250 oC 
Reaction time  5-30 min  
Oxygen supply  120% 
Water fill ratio  30% 
Alkaline addition  0-2.5 M NaOH 
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3.3 Results and Discussion 
3.3.1 Formic Acid Production from Monosaccharides 
 The chemical structures of four kinds of monosaccharides used in this study, 
glucose, fructose, galactose and xylose, are shown in Figure 3.3.  
  
 
 
Figure 3.3 Chemical structures of glucose, fructose, galactose and xylose. 
 
(1) Formic Acid Production from Glucose 
 Experiments for hydrothermal oxidation of glucose at different temperatures were 
carried out at reaction temperature 100-250 oC, reaction time 5-30 min, and 120% 
oxygen supply. The effect of reaction temperature on the yield of formic acid is shown 
in Figure 3.4. At 250 oC, which is the optimum reaction temperature in Chapter 2, the 
yield of formic acid decreased very fast with an increasing reaction time. It is 
probably that the formation of formic acid from hydrothermal oxidation of glucose 
was very fast and already finished in 10 min at a high reaction temperature of 250 oC. 
After 10 min, the yield of formic acid decreased fast probably because no further 
formic acid production and only decomposition reaction occurred after 10 min. Thus, 
a high reaction temperature of 250 oC is not suitable for reaction systems with low 
speed heating. On the other hand, at 100 oC, the yield of formic acid increased during 
all reaction time, but the yield of formic acid is low. At 200 oC, the yield of formic 
acid increased during all the reaction time, and is always higher than that at 100 oC.  
A highest yield of formic acid of about 27% was obtained at 150 oC and 15 min. 
Interestingly, it was found that the highest yield of formic acid from hydrothermal 
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oxidation of glucose without any catalyst or addition was nearly same as that at 250 
oC using salt bath reaction system in Chapter 2. However, a longer reaction time of 15 
min was needed compared to that of 1min using salt bath reaction system in Chapter 
2. 
From Figure 3.5 it also can be seen that, for 10, 15 and 30 min, the yield of 
formic acid at 150 oC was the highest. The yield of formic acid decreased at either 
lower or higher temperature, probably due to low conversion rate of glucose at low 
temperature or high decomposition rate of formed formic acid at high temperature. 
For all temperatures, the yield of formic acids at 10 min and 15 min is close, because 
of slow reaction speed of glucose or slow decomposition speed formic acid. A 
temperature of 150 oC and a reaction time of 15 min was chosen as optimum reaction 
conditions for sand bath reaction system. 
 
Figure 3.4 Yield of formic acid from hydrothermal oxidation of glucose at reaction 
temperature (■) 100 oC, (●) 150 oC, (▲) 200 oC, and (×) 250 oC, with 120% oxygen 
supply, as a function of reaction time. 
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Figure 3.5 Yield of formic acid from hydrothermal oxidation of glucose, with 120% 
oxygen supply, at reaction time (■) 10 min, (●) 15 min, and (▲) 30 min as a function 
of reaction temperature. 
 
(2) Formic Acid Production from Fructose, Galactose and Xylose 
 As discussed above, the optimum reaction temperature for formic acid production 
from glucose is 150 oC, thus, the reaction temperature was fixed at 150 oC in the 
following experiments. Experiments with fructose, galactose and xylose were carried 
out at reaction time 10-30 min, and the results are shown in Figure 3.6. Data of 
glucose were given for comparison in this figure.  
For glucose, fructose, galactose and xylose, the yield of formic acid initially 
increased and then decreased with increasing of reaction time. All of them decreased 
remarkably after 20 min, which showed the fast decomposition of formed formic acid 
at even low temperature of 150 oC.  
The highest yield of formic acid for fructose, galactose and xylose is about 28%, 
27% and 30% respectively, that nearly same highest yield of formic acid was obtained 
for all four kinds of monosaccharides. For glucose, fructose and xylose the highest 
yield of formic acid was obtained at 15 min. However, for galactose, the highest yield 
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of formic acid was obtained at 20 min, and the yield of formic acid is much lower 
than the other three at 10 min and 15 min. It is probably due to special structure of 
galactose which is difference from glucose, fructose and xylose.  
CE analytic results of organic acid production samples at 150 oC, 15 min is 
shown in Figure 3.7, for all monosaccharides formic acid is the main product with few 
glycolic acid and lactic acid, which is similar to that from HPLC analysis. Besides the 
organic acid production, most of the carbon from initial sugars is probably converted 
into CO2 because no solid was examined, same as discussed in Chapter 2. 
 
 
 
  
 
Figure 3.6 Yield of formic acid from hydrothermal oxidation of (■) Glucose, (●) 
Xylose, (▲) Galactose, and (×) Fructose, at 150 oC, with 120% oxygen supply, as a 
function of reaction time. 
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Figure 3.7 CE chromatographs for hydrothermal oxidation samples of (a) Glucose, (b) 
Xylose, (c) Galactose, and (d) Fructose, at 150 oC, with 120% oxygen supply, reaction 
time 15 min. 
 
 
Then, hydrothermal oxidation of fructose, galactose and xylose with alkaline 
addition were studied at 150 oC, reaction time 15 min, with 0.25-2.5 M NaOH. The 
result for the yield of formic acid from glucose, fructose, galactose and xylose is 
shown in Figure 3.8. For all monosaccharides, the yield of formic acid was greatly 
improved with the NaOH addition and increased with an increase in the NaOH 
concentration. Also, it was found that for certain NaOH addition the yield of formic 
acid from glucose at 150 oC and 15 min was nearly same as that at 250 oC and 1 min 
using salt bath reaction system in Chapter 2.  
For glucose, fructose and galactose, it was also found that the yield of formic acid 
was almost same with certain NaOH addition concentration. The highest yield of 
formic acid of about 81% and 84% for glucose and xylose, respectively, was obtained 
with 2.5 M NaOH addition. The highest yield of formic acid of 84% for galactose was 
obtained with 1.5 M NaOH addition, and the yield of formic acid decreased to about 
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80% with further increasing of NaOH to 2.5 M. It might be a change of reaction 
pathway or a different reaction rate with high concentration of NaOH for galactose, 
and will be discussed later.  
For fructose, the yield of formic acid was also improved greatly, and increased 
with an increase in the NaOH concentration. However, it was lower that all other 
monosaccharides. The highest yield of formic acid of about 62% was obtained with 
2.0 M NaOH, and decreased slightly with further increasing of NaOH to 2.5 M.  
CE analytic result is shown in Figure 3.9. For all monosaccharides, formic acid is 
the main product with few glycolic acid and lactic acid, which was same as that 
without NaOH addition. However, for fructose, glycolic acid is found really with a 
high percentage comparing to the other three monosaccharides, which may be a 
possible reason for a low yield of formic acid. The addition of NaOH probably not 
only changes the reaction pathway but also the reaction rate of hydrothermal 
oxidation of monosaccharides, which should be specially notified.  
 
Figure 3.8 Yield of formic acid from hydrothermal oxidation of (■) Glucose, (●) 
Xylose, (▲) Galactose, and (×) Fructose in alkaline addition, at 150 oC, with 120% 
oxygen supply, reaction time 15 min, as a function of NaOH concentration. 
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Figure 3.9 CE chromatographs for hydrothermal oxidation samples of (a) Glucose, (b) 
Fructose, (c) Galactose, and (d) Xylose, at 150 oC, with 120% oxygen supply, reaction 
time 15 min, with 1.5 M NaOH. 
 
(3) Comparison of Reaction Pathway from Aldoses and Ketoses 
From above results, the yield of formic acid from fructose is lower than that from 
glucose, galactose or xylose, while the yield of formic acid from the other three 
monosaccharides is nearly same. In order to investigate it, intermediate analysis was 
performed. CE analytic results for samples with 1.5 M NaOH are shown in Figure 3.9. 
For all sugars, formic acid is the main product with few glycolic acid and lactic acid. 
However, for fructose, peak of glycolic acid is obviously higher, which showed a 
possible different reaction pathway with the other monosaccharides.  
Further, the yield of glycolic acid and formic acid from fructose was examined, as 
shown in Table 3.5. The yield of glycolic acid also increased with increasing the 
NaOH concentration. A highest yield of glycolic acid of about 17.5% was obtained 
with 1.0-1.5 M NaOH, and decreased slightly with further increasing of NaOH 
addition to 2.5 M. A similar trend of the yield of formic acid and glycolic acid suggest 
that the lower yield of formic acid from fructose may be attributed to the formation of 
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glycolic acid.  
 
 
Table 3.4 Yield of formic acid and glycolic acid from fructose at 150 oC, reaction time 
15 min 
 
NaOH / M  
Yield of formic acid 
/ % 
Yield of glycolic acid  
/ % 
0.25  12.32 5.10 
0.50  22.94 10.78 
1.0  42.25 17.34 
1.5  51.58 17.76 
2.0  62.14 14.64 
2.5  58.16 17.43 
 
 
Base on these observations and consideration of different structure of fructose, 
which is a ketose, and glucose, xylose, galactose are aldoses, a possible reaction 
mechanism for hydrothermal oxidation of aldose and ketoses were proposed, as 
shown in Figure 3.10. As mentioned in Chapter 2, aldose undergoes oxidation and 
step-wise degradation to produce formic acid. 1 mole of glucose can produce 6 mole 
of formic acid and 1 mole of xylose produce 5 mole of formic acid. Thus, it is a 100% 
conversion of carbon from monosaccharides to formic acids in theory. However, for 
fructose, a ketose, may first release 1 mole of glycolic acid to form a lower molecular 
aldose, which undergo step-wise degradation to produce formic acid [4]. Thus, 1 mole 
of fructose can produce 1 mole of glycolic acid and 4 mole of formic acid. For 
glycolic acid, no formic acid can be produced from further oxidation reaction, while it 
is easily oxidized to oxalic acid and finally be oxidized to CO2 and H2O.  
The theoretical yield of formic acid is 66.7%, while matched the experimental 
results of highest yield of about 60% for fructose.  
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Figure 3.10 Proposed reaction mechanisms for hydrothermal oxidation of aldoses and ketoses in the presence of alkaline.
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3.3.2 Formic Acid Production from Disaccharides 
 The production of formic acid from disaccharides was also studied. Two most 
important disaccharides of cellobiose and maltose, hydrolysis products of cellulose 
and starch respectively, were used in this study. Disaccharide is the carbohydrate 
formed when two monosaccharides undergo a condensation reaction, and it dissolves 
in water like most monosaccharides. The chemical structure of cellobiose and maltose 
is shown in Figure 3.11. Two glucose units connected with β (1→4) bond form 
cellobiose and two glucose units with α (1→4) bond form maltose.  
 
 
 
 
Figure 3.11 Chemical structures of cellobiose and maltose. 
 
(1) Formic Acid Production from Cellobiose in the Absence of Alkaline 
Figure 3.12 shows the effect of reaction time on the yield of formic acid at 150 oC 
and 200 oC. Similarly to that from monosaccharides, the highest yield of formic acid 
was obtained at 150 oC and 15 min, reaching 25%. At 200 oC, the yield of formic acid 
keeps a stable value of about 10%. The trend of yield of formic acid from cellobiose 
is almost same as that from glucose. These results indicate that cellobiose hydrolyzed 
to glucose easily under hydrothermal conditions, as shown in Figure 3.13. 1 mole 
cellobiose produces 2 mole of glucose. The hydrolysis rate of cellobiose is very fast [5], 
so that the trend of yield of formic acid from cellobiose and glucose was nearly same.  
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Figure 3.12 Yield of formic acid from hydrothermal oxidation of cellobiose at 
reaction temperature (■) 150 oC and (▲) 200 oC, with 120% oxygen supply, as a 
function of reaction time. 
 
 
 
 
 
Figure 3.13 Reaction model for formic acid production from cellobiose. 
 
 Further experiments for formic acid production from cellobiose with alkaline 
additions were conducted at reaction temperature 150-250 oC and 0.25-1.5M NaOH. 
As shown in Figure 3.14, for all temperatures, the yield of formic acid from cellobiose 
increased with the increase in NaOH concentration, and almost a same yield of formic 
acid to that from glucose is obtained at 150 oC. For all NaOH additions, the yields of 
formic acid at 150 oC were highest, and the yields of formic acid at 250 oC were 
lowest. Low yield of formic acid was obtained at higher temperature probably 
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because the formed formic acids undergo faster decomposition.  
Further analysis for intermediates was carried out to comparing reaction pathway 
of cellobiose and glucose. The CE analytic result is shown in Figure 3.15. Formic acid 
is the main product with few glycolic acid and lactic acid, which is almost same as 
that from glucose. These results further indicate that the hydrolysis of cellobiose to 
glucose is fast, and the hydrothermal oxidation of glucose is the rate-limited.  
 
 
Figure 3.14 Yield of formic acid from hydrothermal oxidation of cellobiose in 
alkaline addition at reaction temperature (■) 250 oC, (●) 200 oC, and (▲) 150 oC, with 
120% oxygen supply, reaction time 15 min, as a function of NaOH concentration. 
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Figure 3.15 CE chromatographs for hydrothermal oxidation samples of cellobiose at 
reaction temperatures (a) 150 oC, (b) 200 oC and (c) 250 oC, with 120% oxygen supply, 
reaction time 15 min, 1.5 M NaOH. 
 
(2) Comparison of Cellobiose and Maltose in Production of Formic acid 
 Compare experiments for formic acid production from cellobiose and maltose 
were carried out at 150 oC and reaction time 10-30 min, results shown in Figure 3.16. 
The highest yields of formic acid are almost the same for cellobiose and maltose. For 
cellobiose, 15 min is needed for highest yield of formic acid, but for maltose 25 min is 
needed. Cellobiose and maltose are both consisted of two units of glucose, however 
with different type of bond linkage. The hydrolysis rate of maltose is much slower 
than that of cellobiose, which suggested a stronger bond linkage for maltose. However, 
nearly same highest yield for formic acid was obtained, and it is discussed later. 
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Figure 3.16 Yield of formic acid from hydrothermal oxidation of (■) Cellobiose and 
(●) Maltose, at 150 oC, with 120% oxygen supply, as a function of reaction time. 
 
 
 The effect of alkaline also was investigated for cellobiose and maltose at 150 oC, 
0.25-2.5 M NaOH, reaction time 15 min. As shown in Figure 3.17, the highest yield 
of about 80% and 60% from cellobiose and maltose, respectively, was obtained with 
1.5 M NaOH, and decreased with a further increase in NaOH concentration. For 
0.25-1.0 M NaOH, an almost same yield of formic acid for both was obtained. For 
1.5-2.5 M NaOH, the yield of formic acid from maltose was always lower than that 
from cellobiose. It is probably the same reason of slow hydrolysis rate of maltose. The 
intermediate was analyzed by CE. As shown in Figure 3.18, formic acid is the only 
main product with few glycolic acid and lactic acid, which is as same as that from 
monosaccharides or cellobiose. The same production distribution suggests a same 
reaction pathway, thus, the reason for different yield of formic acid from cellobiose 
and maltose relies on the different bond linkage of glucose.  
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Figure 3.17 Yield of formic acid from hydrothermal oxidation of (■) Cellobiose and 
(●) Maltose in alkaline addition at 150 oC, with 120% oxygen supply, reaction time 15 
min, as a function of NaOH concentration. 
 
Figure 3.18 CE chromatographs for hydrothermal oxidation samples of maltose, at 
150 oC, with 120% oxygen supply, reaction time 15 min, with (a) 0 M NaOH, (b) 0.5 
M NaOH, (c) 1.5 M NaOH, (d) 2.5 M NaOH. 
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3.4 Summary 
 
A high yield of formic acid was obtained easily from hydrothermal oxidation 
reaction of monosaccharides and disaccharides under lower temperature with sand 
bath reaction system, which is nearly similar as that from hydrothermal oxidation of 
glucose at 250 oC with salt bath reaction system.  
150 oC is optimum for formic acid production from most of monosaccharides and 
disaccharides. For lower temperature of 100 oC, a low yield of formic acid is observed 
probably because of the slow reaction rate. For higher temperature of 250 oC, the 
decomposition of formed formic acid can lead to a low formic acid production. 
The disaccharides are also easy to be oxidized to formic acid under alkaline 
condition, nearly as same as that from monosaccharides, which suggests a fast 
hydrolysis rate of disaccharides to monosaccharides. 
The yield of formic acid from aldoses is higher than that from ketoses. The 
possible mechanism may explained as follows; the aldoses undergo step-wise 
degradation to produce formic acid, and thus theoretical yield of formic acid is  
100%, while ketoses first give 1 mol of glycolic acid and produce lower aldoses, 
which then undergo step-wise degradation to produce formic acid.  
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Chapter 4. Formic Acid Production from Cellulose 
under Hydrothermal Conditions 
 
4.1 Introduction 
 Cellulose, one of the most important raw biomass materials, is investigated for 
formic acid production under the hydrothermal conditions in this chapter. The formic 
acid production from cellulose undergoes a two-step reaction, as shown in Figure 4.1. 
1-step is the hydrolysis of cellulose, which break down cellulose completely into 
glucose units or into smaller polysaccharides called oligomers (also cellodextrins). It 
is the most important step for formic acid production [1,2], because those 
monosaccharides, disaccharides and small oligomers can be converted to formic acid 
with a high yield and rate at mild conditions, as discussed in Chapter 2 and 3 . 
Firstly, cellulose hydrolysis is investigated with an autoclave reactor. A mixture of 
intermediates of cellulose hydrolysis is analyzed. The effect of reaction temperature, 
reaction time, oxygen supply and other reaction parameters will be investigated too. 
Finally, the reaction pathway and mechanism will be discussed. Considering that a 
strong stirrer is needed for the heterogeneous hydrothermal reaction of solid cellulose, 
an autoclave reactor was used for the hydrolysis and hydrothermal oxidation reaction 
of cellulose in this study. 
 
 
 
 
Figure 4.1 Two-step reactions for formic acid production from cellulose. 
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4.2 Experimental 
4.2.1 Materials and Chemicals 
Cellulose powder, used in this study, was obtained from ADVANTEC, and its 
characters were shown in Table 4.1. Glucose, same as that used in previous chapters, 
was also tested for comparing reason.  
All other chemicals used in this study were purchased from WAKO. 
 
Table 4.1 Characters of cellulose powder 
 
Item Contents 
Raw material Cellulose powder  
Purity >98% (α-cellulose) 
Alkaline soluble <2.0% 
pH 5-8 
Ash 0.015% 
Type and size 
A: 100-200 mesh，0.075-0.152 mm 
D: 40-100 mesh，0.152-0.422 mm 
 
4.2.2 Experimental Apparatus 
(1) Tubular Reactor  
 Same type of tubular reactor with sand bath reaction system as that used in 
previous chapters was used. 
 
(2) Autoclave Reactor 
 An autoclave reactor with stirrer (MMJ-200, Omlabo, Ltd.,) was used in this 
study, shown in Figure 4.2. During reaction, reaction solution is well mixed by stirrer 
and also liquid or gas samples could be collected through the valves. The detained 
information for the autoclave reactor is shown in Table 4.2.  
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The time needed for improve the temperature inside the autoclave reactor from 
room temperature to set temperature is shown in Figure 4.3, as set temperature of 200 
oC, 250 oC and 300 oC with 30% or 60% water fill ratio. For set temperature of 300 oC, 
about 40 min is needed for either 30% or 60% water fill ratio, and for set temperature 
of 200 oC, about 20 min is needed. For same water fill ratio, the higher the set 
temperature the longer the heating time needed. And for same water fill ratio, the first 
10 min temperature increasing speed is nearly same for certain set temperature, which 
was determined by the heating capacity of heater.  
 
 
 
Figure 4.2 Schematic of the autoclave reactor. 
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Table 4.2 Profile of the autoclave reactor 
Item Contents 
Max use temperature 300 oC 
Max use pressure 20 MPa 
Volume 200 mL (ø38.5×197 mm) 
Materials 
Reactor: HC 
Other: SUS 304, 316 
Stirrer torque 0.4 N・m 
Stirrer speed 100-1200 rpm 
 
 
 
Figure 4.3 Temperature inside autoclave reactor: (▲) set temperature 300 oC, 60% 
water fill; (△) set temperature 300 oC, 30% water fill; (■) set temperature 250 oC, 
60% water fill; (□) set temperature 250 oC, 30% water fill;  (●) set temperature 200 
oC, 60% water fill; (○) set temperature 200 oC, 30% water fill. 
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4.2.3 Experimental Procedure 
 Same experimental procedure as previous chapters was processed.  
For the tubular reactor, the samples were collected after the tubular reactor cooled 
down. But for autoclave reactor, liquid samples were collected through sample valve 
for liquid during reaction, and then cooled down by fan immediately.  
 
4.2.4 Analysis Methods 
 Same analysis method as previous chapters was carried out.  
 
4.2.5 Experimental Conditions 
 Experimental conditions were chosen by referring to the optimum reaction 
conditions in previous studies, shown in Table 4.3.  
 
Table 4.3 Experimental conditions 
 
Contents 
Item  
1-step Hydrolysis / 
Direct hydrothermal 
oxidation 
2-step oxidation 
Reactor Autoclave reactor Tubular reactor 
Test material  
0.5-1.0 g  
cellulose / glucose 
1 mL aqueous sample 
from 1-step Hydrolysis 
Reaction 
temperature 
150-300 oC 150 oC 
Reaction time*  0-240 min 15 min 
Oxygen supply**  0-20 mL H2O2 0-0.28 mL H2O2 
Water fill ratio  30-60% 30% 
Alkaline addition  0-2.0 M NaOH 0-1.0 M NaOH 
*Reaction time is defined as the elapsed time for heating started. But for hydrolysis of 
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cellulose, hydrolysis time is used instead because the slow heating time problem of 
autoclave reactor, while hydrolysis time = reaction time – heating time of autoclave to 
hydrolysis temperature. 
** For cellulose (C6H10O5)n or organic carbon in intermediates samples, the oxygen 
supply is hard to calculate, the used volume of H2O2 is directly given. 
 
4.3 Results and Discussion 
4.3.1 Formic Acid Production from Two-step Hydrothermal Reaction 
of Cellulose 
The two-step reaction for formic acid production from cellulose was conducted 
firstly. The autoclave reactor was used for the 1-step hydrolysis reaction of cellulose, 
because a strong stirrer needed for the heterogeneous hydrothermal reaction of solid 
cellulose. A tubular reactor was used for formic acid production experiments in the 
2-step oxidation, because the oxidation reaction is fast, and thus a reactor with a quick 
heat-up is needed, while it can be achieved with the small tubular reactor.   
 
(1) Hydrolysis of Cellulose without Catalyst 
Hydrolysis experiments of cellulose without catalyst were carried out at different 
reaction temperature, the reaction conditions are: 1 g cellulose, reaction temperature 
200-300 oC, reaction time 1/2-4 h, 60% water fill ratio.  
The picture for hydrolysis samples of cellulose without catalyst is shown in 
Figure 4.4. For all samples, the brown or black solid particles are confirmed, and also 
burn smell for all samples. It suggests an incomplete hydrolysis reaction of cellulose. 
With the increase in reaction temperature and hydrolysis time, samples color changed 
from brown to dark brown and finally to black, and suspended solid particles were 
observed for all samples. After settlement, the solid partials are much easy to be 
identified. For sample of 200 oC (1/2 h), a color of light brown sediments suggested 
mainly un-react cellulose powder. At 250 oC, less sediment was obtained and liquid 
sample became dark brown, which suggested that a considerable amount of cellulose 
had been converted to liquid phase. Finally, at a high reaction temperature of 300 oC, 
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no sediments were observed, but dark black solid suspension, which suggested that a 
carbonization or polymerization reaction occurred. 
Qualitative analytic of the liquid phase was performed with HPLC, and both RI 
and UV results are shown in Figure 4.5. The intermediates detected were divided into 
three groups. Between retention time of 5 min and 10 min, it is intermediates group 1, 
mainly consisted of glucose and low oligomers (such as cellobiose, cellotriose). 
Between 10 min and 15 min, it is intermediates group 2, mainly consisted of long 
soluble oligomers and organic acids. For about 22 min, it is intermediates group 3, 
mainly HMF, the furfural products from dehydration of glucose.  
 
 
 
Figure 4.4 Picture for samples of cellulose hydrolysis without catalyst. 
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Figure 4.5 HPLC chromatograms for samples of cellulose hydrolysis without catalyst 
at reaction temperature and time: (a) 200 oC and 2 h, (b) 200 oC and 4 h, (c) 250 oC 
and 1/2 h, (d) 250 oC and 2 h, (e) 300 oC and 1/2 h, (f) 300 oC and 2 h.  
(1, intermediates group 1; 2, intermediates group 2; 3, intermediates group 3;  
*, UNKNOWN.) 
 (Column SH-1011, (A) RI detector and (B) UV detector at 210 nm, mobile phase 
5mM H2SO4) 
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For all samples, very few amounts of intermediates 1 was detected, probably due 
to the low hydrolysis rate of cellulose at low temperatures or further degradation of 
intermediates at high temperatures. A quantitative analysis for sample of 250 oC (1/2 h) 
showed only about 2% glucose yield. Intermediates 3 were detected at low 
temperatures of 200 oC (2 h, 4 h) and 250 oC (1/2 h), and vanished with longer 
hydrolysis time 250 oC (2 h) or high temperature 300 oC. For intermediates 2, traces 
of organic acids were detected, that detailed examination was performed with CE 
later.  
The simple reaction models for hydrolysis of cellulose without catalyst were 
concluded in Figure 4.6. These results indicate that glucose is produced from 
hydrolysis of cellulose without catalyst even at low temperature. However, the yield 
of glucose is very low. The formed glucose undergoes dehydration to form furfural 
products, like HMF. With the increase in reaction temperature and time, the glucose 
and furfural undergo further carbonization or polymerization reaction to form black 
solid particles.  
The 1-step hydrolysis intermediates mixture, including black solid particle, was 
further tested for formic acid production in tubular reactor at reaction condition: 150 
oC, 1 mL 1-step hydrolysis intermediates mixture, reaction time 15 min, 0.14-0.28 mL 
H2O2, without NaOH or with 1.0 M NaOH.  
 
 
 
Figure 4.6 Simple reaction models for cellulose hydrolysis without catalyst. 
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The yields of formic acid for the 1-step hydrolysis samples and also for samples 
after the 2-step hydrothermal oxidation test are shown in Table 4.4. For 1-step 
hydrolysis samples, highest yield of formic acid is about 2% for that of 250 oC, and 
about 0.5% for that of 200 oC or 300 oC. After 2-step hydrothermal oxidation test, 
light yellow or brown sample was obtained and no solid particle was found. No big 
improvement for formic acid production could be observed for 1-step hydrolysis 
samples of 200 oC, which suggest nearly no glucose or oligomer production. A higher 
yield of formic acid of about 3-5% was obtained for 1-step hydrolysis samples of 250 
oC and 300 oC, which suggest that only very little glucose or oligomers production 
was formed. At same time, the formic acid from long hydrolysis time of 2h is lower 
than that of 1/2 h for either 250 oC or 300 oC.  
These results suggest that a reaction temperature above 250 oC is needed for the 
hydrolysis of cellulose for sugar production without catalyst [3]. A long hydrolysis 
time of cellulose shows no improvement for sugar production, which maybe due to 
the degradation of formed sugar to non-sugar production.  
 
 
Table 4.4 Formic acid production from hydrothermal oxidation of 1-step hydrolysis 
samples without catalyst 
 
 Yield of formic acid / % 
200 oC 
(2 h) 
200 oC 
(4 h) 
250 oC
 (1/2 h)
250 oC 
(2 h) 
300 oC  
(1/2 h) 
300 oC
 (2 h) 
1-step hydrolysis 
samples 
0.54 0.50 1.83 2.00 0.53  0.94 
Oxidation 1 n/a 0.51 1.89 1.08 3.38  3.10 
Oxidation 2 n/a 0.47 1.89 0.98 2.55  2.93 
Oxidation 3 n/a 1.17 4.62 2.00 5.78  4.32 
2-step* 
Oxidation 4 n/a 0.84 3.06 1.52 5.29  3.98 
*Oxidation 1：0.14 mL H2O2(about 120% oxygen supply), without NaOH; 
Oxidation 2：0.28 mL H2O2(about 240% oxygen supply), without NaOH; 
Oxidation 3：0.14 mL H2O2(about 120% oxygen supply), 1.0 M NaOH; 
Oxidation 4：0.28 mL H2O2(about 240% oxygen supply), 1.0 M NaOH. 
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(2) Hydrolysis of Cellulose with Acidic Addition 
 
 Hydrolysis of cellulose with acidic catalyst was investigated. A diluted 0.5wt% 
H2SO4 was chosen for test, because a 2-step hydrothermal oxidation of cellulose 
hydrolysis is carried out with very high alkaline concentration. The experiments were 
carried out at reaction condition: 1 g cellulose, reaction temperature 250 oC, 
hydrolysis time 0-2 h, 60% water fill. 
 Hydrolysis samples with dark brown solid suspended particle were obtained, as 
same as that hydrolysis of cellulose without catalyst. These hydrolysis intermediates 
undergo 2-step hydrothermal oxidation in tubular reactor at reaction condition: 150 oC, 
1 mL 1-step hydrolysis samples, 0.14 mL H2O2, without NaOH or with 1.0 M NaOH, 
30% water fill.  
As shown in Table 4.5, a higher yield of formic acid of about 14.9% was obtained 
for 1-step hydrolysis samples at 250 oC (0 min), and nearly same yield of formic acid 
was obtained after 2-step hydrothermal oxidation. With the increase in hydrolysis time, 
the formic acid decreased to 0.67% for 120 min, which is even lower than that from 
hydrolysis of cellulose without catalyst.  
These results indicate a fast hydrolysis of cellulose with H2SO4 addition, and the 
yield of formic acid of about 14.9% suggests a possible high yield of glucose 
production. However, little sugar production was confirmed by HPLC analysis, which 
possibly undergoes fast degradation to organic acid and other non-sugar production. 
Due to decomposition of formic acid under the hydrothermal conditions, the yield of 
formic acid decreased very fast with the increase in hydrolysis time. The acidic 
addition not only catalysts the hydrolysis of cellulose, but also the degradation of 
formed sugar, therefore it is hard for a high yield of formic acid production. 
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Table 4.5 Formic acid production from hydrothermal oxidation of 1-step hydrolysis 
samples with 0.5wt% H2SO4  
 
 Yield of formic acid / % 
250 oC 
0 min 30 min 60 min 120 min 
1-step hydrolysis 
samples 
14.86 5.41 2.32 0.67 
Oxidation 1 n/a 6.7 n/a n/a 
2-step* 
Oxidation 2 13.73 6.76 4.1 2.76 
*Oxidation 1：0.14 mL H2O2(about 120% oxygen supply), without NaOH; 
Oxidation 2：0.14 mL H2O2(about 120% oxygen supply), 1.0 M NaOH. 
 
(3) Hydrolysis of Cellulose with Alkaline Addition 
Experiments for hydrolysis of cellulose with alkaline addition were carried out at 
reaction condition: 1 g cellulose, reaction temperature 200-300 oC, hydrolysis time 
1/2-2 h, 1.0 M NaOH, 60% water fill. Hydrolysis samples, dark brown color but with 
no solid particles, were observed, and HPLC analytic results are shown in Figure 4.7. 
More intermediates 1 were obtained compared to that without catalyst, but the 
intermediates 2 were very low, and nearly no intermediates 3 found. 
 The 2-step hydrothermal oxidation of the 1-step hydrolysis samples was 
performed for confirm of sugar and organic acid production, and the hydrolysis 
sample of 250 oC (30 min) was chosen for test. No alkaline addition is needed, 
because of nearly no NaOH consumption in cellulose hydrolysis processes, confirmed 
by pH test. The yield of formic acid is shown in Table 4.6. Glycolic acid, acetic acid 
and lactic acid were also listed, because these acids were obtained in a remarkable 
yield, while only trace amount in hydrolysis of cellulose without catalyst or with 
acidic addition.  
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Figure 4.7 HPLC chromatograms for samples of cellulose hydrolysis with 1.0 M 
NaOH at reaction temperature and time:(a) 200 oC and 1/2 h, (b) 200 oC and 2 h, (c) 
250 oC and 1/2 h, (d) 250 oC and 2 h, (e) 300 oC and 1/2 h, (f) 300 oC and 2 h. 
(1, intermediates group 1; 2, intermediates group 2; 3, intermediates group 3;  
*, UNKNOWN.) 
 (Column SH-1011, (A) RI detector and (B) UV detector at 210 nm, mobile phase 
5mM H2SO4) 
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Table 4.6 Formic acid production from hydrothermal oxidation of 1-step 
hydrolysis samples with 1 M NaOH  
 
 Yield of organic acid / % 
250 oC (30 min) 
Formic Glycolic Acetic Lactic 
1-step hydrolysis 
samples 
8.84 3.04 1.30 11.60 
Oxidation 1 12.35 0.96 6.54 6.89 
2-step* 
Oxidation 2 12.37 0.96 6.67 6.17 
*Oxidation 1：0.07 mL H2O2(about 60% oxygen supply), 1 M NaOH; 
 Oxidation 2：0.14 mL H2O2(about 120% oxygen supply), 1 M NaOH. 
 
 
A yield of formic acid of 8.84% was obtained for 1-step hydrolysis sample, and 
increase to about 12.3% after 2-step hydrothermal oxidation. Beside formic acid, 
several organic acids were also obtained, and for especial high yield of lactic acid, 
which showed a higher sugar production from hydrolysis of cellulose with alkaline 
addition. In the presence of alkaline, the formed organic acids were much stable from 
being decomposed.  
 
The simple reaction models for hydrolysis of cellulose with acidic or catalyst 
addition were concluded in Figure 4.8. Either acidic or alkaline addition could catalyst 
the hydrolysis of cellulose. However, acidic addition catalyzes the dehydration 
reaction of glucose to non-sugar products, and even solid particles were formed. For 
alkaline addition, more organic acids and sugar production could be obtained, by not 
only catalyst effect, but also it could prevent the decomposition of formed organic 
acid. However, the yield of lactic acid was found higher than that of formic acid. If 
formed sugar products could be totally converted into formic acid instead of other 
organic acids, a much higher yield of formic acid could be obtained. Thus, a sufficient 
oxygen supply is needed at the same process for the hydrolysis of cellulose, to prevent 
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the further degradation of the formed sugars to non-sugar production or other organic 
acids, and it will be invested in following research. 
 
 
 
Figure 4.8 Simple reaction models for cellulose hydrolysis with acidic or alkaline 
addition.  
 
 
4.3.2 Formic Acid Production from Direct Hydrothermal Oxidation 
of Cellulose with Alkaline Addition 
  
 Hydrolysis of cellulose for sugar productions is very attractive, and is now used 
in the pretreatment for the fermentation of cellulose for hydrogen or organic acid 
production [4,5]. But, one of the biggest problems is that the formed sugar undergoes 
fast degradation to produce non-sugar products and even solid particles. Thus, formic 
acid production from direct hydrothermal oxidation of cellulose was investigated, 
while a high formic acid was expected instead of other degradation products, if 
formed sugars undergo fast and selective oxidation to produce formic acid under the 
hydrothermal conditions with alkaline addition, which have been promoted in chapter 
2 and 3. 
 
(1) Effect of Pressure 
First, the operation conditions of pressure was investigated, at the reaction 
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conditions: 0.5 g cellulose, initial pressure 3.9 MPa, reaction temperature 250 oC, 
reaction time 0-60 min, 1.0 M NaOH, 10 mL H2O2. The pressure inside the reactor 
was adjusted to about 3.9 MPa with nitrogen gas before heating started, and the 
pressure and temperature in the reactor during the whole reaction is shown in Figure 
4.9. The pressure increases with an increase of reaction time and reach to about 9.4 
MPa, which is much higher than that of about 4.6 MPa at 250 oC in the other 
experiments. However, the increase of temperature inside the reactor is just same as 
that in pressure uncontrolled experiment.  
The yields of formic acid and the other organic acid were listed in Table 4.7. No 
significant change in the yield of formic acid was observed, but the glycolic acid and 
lactic acid decreased slightly. The pressure has no big effluence on the reaction 
pathway and the production of formic acid and also the other organic acids. 
 
   
 
Figure 4.9 Pressure and temperature inside the autoclave reactor for set temperature of 
250 oC and initial pressure 3.9 MPa: (■) Temperature for initial pressure 3.9 MPa, (□) 
Temperature for initial 0 MPa (▲) Pressure for initial pressure 3.9 MPa， (△) 
Pressure for initial 0 MPa. 
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Table 4.7 Organic acid productions from direct hydrothermal oxidation of 
cellulose with different alkaline addition 
 
Reaction conditions Yield / % 
250 oC, 10 mL H2O2 Formic Glycolic Acetic Lactic Total 
10 min 2.02 1.20 1.43 0.00 4.65 
20 min 18.05 5.80 6.94 5.60 36.38 
30 min 23.89 4.05 9.92 4.65 42.51 
40 min 22.95 2.14 10.64 2.38 38.12 
50 min 21.12 0.97 10.49 1.33 33.91 
Initial 
pressure 
3.9 MPa 
60 min 17.84 0.00 10.60 0.00 28.44 
10 min 2.02 1.20 1.43 0.00 4.65 
20 min 18.05 5.80 6.94 5.60 36.38 
30 min 23.89 4.05 9.92 4.65 42.51 
Initial 
pressure 
0 MPa 
60 min 17.84 0.00 10.60 0.00 28.44 
 
 
 (2) Effect of Water Fill 
The water fill, which is percentage of the reaction mixture volume for total 
reactor volume, is an important indicator for the reaction efficiency. Also, it affect the 
heating speed, for example of a set temperature of 250 oC, 20 min is needed for a 30% 
water fill experiment, but 30 min for a 60% water fill ratio experiment. The effect of 
water fill on the formic acid production was investigated, at the reaction conditions: 
0.5 g cellulose, reaction temperature 250 oC, reaction time 0-60 min, 1.0 M NaOH, 10 
mL H2O2.  
The yields of formic acid and also the other organic acids are shown in Figure 
4.10. At reaction time 10 min, the temperature inside the reactor is about 170 oC, 
while about 210 oC in 30% water fill experiments. However, a much higher yield of 
formic acid of about 18% was obtained, compared to that of about 6% in 30% water 
fill experiment. When the reaction time arrived 20 min, the temperature inside the 
reactor is about 220 oC, while about 250 oC in 30% water fill experiments. The yield 
of formic acid is about 21%, which low than that from 30% water fill experiment.  
These results suggest that at beginning, the hydrolysis rate of cellulose to glucose 
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is fast than that of 30% water fill, because the H2O2 amount is as twice as that that of 
30% water fill. However, the heating speed is slow for 60% water fill, that a longer 
time for hydrolysis reaction under 250 oC is not good for sugar production, and also 
the mix effects may be not good. A water fill of 30% is fixed in the later hydrothermal 
oxidation of cellulose. The other organic acids were also tested, and listed in Table 
4.8. 
 
 
 
 
Figure 4.10 Yield of formic acid from direct hydrothermal oxidation of cellulose at 
reaction temperature 250 oC, with 10 mL H2O2, 60% water fill, as a function of 
reaction time. 
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Table 4.8 Organic acid productions from direct hydrothermal oxidation of 
cellulose with 60% water fill ratio 
 
Reaction conditions Yield / % 
250 oC, 1.0 M 
NaOH Formic Glycolic Acetic Lactic Total 
10 min 18.22 9.43 8.10 8.15 43.90 
20 min 21.08 6.04 10.80 6.99 44.91 
30 min 17.49 1.33 12.31 3.05 34.18 
60% water 
fill ratio 
60 min 6.01 0.00 13.54 0.00 19.55 
10 min 11.08 6.07 4.21 4.76 26.12 
20 min 24.59 7.69 9.15 8.08 49.51 
30 min 25.59 3.14 10.64 4.72 44.09 
30% water 
fill ratio 
 60 min 18.76 0.76 11.63 0.00 31.15 
 
 
 
 
(3) Effect of Reaction Temperatures and Time 
 Firstly, the effect of reaction temperature and time on the formic acid 
production from direct hydrothermal oxidation of cellulose was investigated, at the 
reaction conditions: 0.5 g cellulose, reaction temperature 200-300 oC, reaction time 
0-180 min, 0.5-1.0 M NaOH, 10 mL H2O2, 30% water fill. The hydrothermal 
oxidation of cellulose is very fast, as comparing to the hydrolysis of cellulose. The 
yield of formic acid production is shown in Figure 4.11.  
For all samples, the yield of formic acid increased with reaction time first, and 
then decreased with increasing reaction time. For set temperature of 200 oC, a highest 
yield of about 27% was obtained at 60 min and 1 M NaOH, and the yield of formic 
acid increased nearly over all reaction time. At temperature of 250 oC, the highest 
yield of formic acid of about 27% was obtained at 30 min and 1 M NaOH, and then it 
decreased with the increase in the reaction time, only about 19% at 60 min. A nearly 
same highest yield of formic acid of about 26% at temperature of 300 oC, at 20 min 
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and 1M NaOH, because the temperature inside the reactor actually has just arrived 
250 oC at 20 min. The yield of formic acid decreased very fast after 20 min through 
the temperature inside the reactor continually increased to 300 oC until 40 min, and no 
formic acid production remained at 60 min.  
 
 
 Figure 4.11 Yield of Formic acid from direct hydrothermal oxidation of 
cellulose with 10 mL H2O2(about 300% oxygen supply), as a function of reaction 
time:(■) 200 oC, 1 M NaOH; (□) 200 oC, 0.5 M NaOH; (●) 250 oC, 1 M NaOH; (○) 
250 oC, 0.5 M NaOH; (▲) 300 oC, 1 M NaOH. 
 
 
These results suggest that a highest yield of formic acid of about 27% was 
obtained from direct hydrothermal oxidation of cellulose in the presence of alkaline. 
For a fast and effective production of formic acid, a reaction temperature of 250 oC 
and 30 min was chosen in the later studies, because formic acid is very unstable above 
250 oC. Beside formic acid, several other organic acids, mainly glycolic acid, acetic 
acid and lactic acid, were also detected, shown in Table 4.9.  
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 Table 4.9 Organic acid productions from direct hydrothermal oxidation of 
cellulose at different reaction temperature and time 
 
Reaction conditions Yield / % 
10 mL H2O2,  
1.0M NaOH 
Formic Glycolic Acetic Lactic Total 
10 min 6.18 2.74 1.87 1.99 12.78 
30 min 12.04 4.31 3.68 4.28 24.31 
60 min 20.38 6.16 7.16 6.60 40.31 
90 min 27.00 6.44 9.08 7.28 49.80 
120 min 26.89 3.61 9.67 6.33 46.50 
200 oC 
180 min 25.53 2.22 10.93 5.80 44.48 
10 min 14.69 7.89 5.91 6.29 34.78 
20 min 26.66 7.72 10.17 9.12 53.67 
30 min 27.23 3.61 10.87 4.44 46.15 
40 min 24.03 1.49 11.40 2.16 39.08 
50 min 21.48 0.80 11.44 0.96 34.68 
250 oC 
60 min 18.81 0.50 11.72 0.00 31.03 
10 min 11.10 6.10 4.30 4.80 26.30 
20 min 26.15 6.44 10.14 8.33 51.06 
30 min 22.45 0.37 13.72 0.00 36.54 
40 min 2.22 0.00 14.32 0.00 16.54 
50 min 0.00 0.00 10.55 0.00 10.55 
300 oC 
60 min 0.00 0.00 6.04 0.00 6.04 
 
 Total organic acids stands for formic acid, glycolic acid, acetic acid and lactic 
acid. The total organic acids increased firstly, and then decrease with an increasing 
reaction time too. The highest yield of all organic acids of about 50% was obtained.  
 
(4) Effect of Oxygen Supply 
The effect of oxygen supply on the formic acid production was investigated. The 
formic acid production is shown in Figure 4.12. A highest yield of formic acid of 
about 22% was obtained. At 20 min, when the temperature inside reactor just arrived 
250 oC, the yield of formic acid increased with an increase of H2O2 supply, which 
suggests H2O2 supply could fast the reaction rate. At 30 min, the yield of formic acid, 
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almost higher than the other time, increased with addition volume of H2O2 first, and 
decrease above 10 mL H2O2.  
 
Figure 4.12 Yield of Formic acid from direct hydrothermal oxidation of cellulose 
at reaction temperature 250 oC, with 1.0 M NaOH, as a function of H2O2 supply: 
reaction time (■) 10 min, (●) 20 min, (▲) 30 min, and (×) 60 min. 
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Figure 4.13 HPLC chromatograph for samples from direct hydrothermal 
oxidation of cellulose with different oxygen supply at 20 min.  
 (Column SH-1011, (A) RI detector and (B) UV detector at 210 nm, mobile phase 
5mM H2SO4) 
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An excess oxygen supply is needed for formic acid production from direct 
hydrothermal oxidation of cellulose, which is higher than that of glucose. Because, 
oxygen transfer between the aqueous and solid surface of cellulose powder is more 
difficult. w 
HPLC analysis, shown in Figure 4.13, was performed for samples from direct 
hydrothermal oxidation of cellulose with different oxygen supply at reaction time 20 
min. The increase of H2O2 led to a greatly improvement in formic acid production, 
and very little glucose was detected, which suggests a fast hydrolysis of cellulose and 
also oxidation of formed glucose. Beside formic acid, glycolic acid, acetic acid and 
lactic acid were also obviously obtained. The quantitative analysis results of these 
organic acids were listed in Table 4.10. Beside formic acid, the addition of H2O2 also 
improved the production of glycolic acid, acetic acid and lactic acid.  
 
 Table 4.10 Organic acid productions from direct hydrothermal oxidation of 
cellulose with different oxygen supply 
 
Reaction conditions Yield / % 
250 oC, 1 M NaOH Formic Glycolic Acetic Lactic Total 
10 min 3.89 2.82 1.86 3.00 11.57 
20 min 6.70 4.36 1.49 7.14 19.69 
30 min 13.24 10.55 5.95 16.01 45.75 
1 mL  
H2O2 
60 min 12.06 7.24 8.76 11.60 39.66 
10 min 7.56 6.00 3.45 4.86 21.87 
20 min 17.59 11.48 8.68 11.41 49.17 
30 min 21.93 10.89 12.84 12.11 57.77 
5 mL 
H2O2 
60 min 14.12 4.23 11.35 4.54 34.23 
10 min 6.15 4.54 3.01 3.62 17.31 
20 min 18.11 10.14 8.77 9.76 46.78 
30 min 22.59 7.30 12.45 9.04 51.38 
10 mL 
H2O2 
60 min 17.54 2.33 13.34 3.16 36.37 
10 min 11.04 7.14 4.21 4.98 27.37 
20 min 21.55 8.35 8.97 7.44 46.31 
30 min 20.35 3.38 10.55 5.01 39.29 
20 mL 
H2O2 
60 min 9.20 0.33 10.73 0.62 20.88 
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Figure 4.14 Yield of Formic acid from direct hydrothermal oxidation of cellulose at 
250 oC, 10 mL H2O2, as a function of alkaline concentration: reaction time (■) 10 min, 
(●) 20 min, (▲) 30 min, and (×) 60 min. 
 
 (5) Effect of Alkaline Addition 
The effect of alkaline addition on the formic acid production was investigated, 
because the alkaline additions greatly affect the corrosion of reactor. The yields of 
formic acid are shown in Figure 4.14. The yield of formic acid was greatly improved 
by alkaline additions, and increased obviously with an increase in alkaline 
concentration. Thus, a high and fast formic acid production indicates the same high 
and fast glucose production. However, for increasing alkaline concentration to even 
higher than 1.0 M, no improvement effect for formic acid production be found and 
even a decrease conversely, which suggested a possible different degradation pathway 
of formed glucose under high concentration of alkaline.  
The analytic results of formic acid and the other organic acids are shown in Table 
4.11. A very low glycolic acid and lactic acid were observed for samples at reaction 
time above 30 with 2 M NaOH. Beside formic acid, acetic acid was also greatly 
improved by alkaline addition.  
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Table 4.11 Organic acid productions from direct hydrothermal oxidation of 
cellulose with different alkaline concentration 
 
Reaction conditions Yield / % 
250 oC, 10 mL H2O2 Formic Glycolic Acetic Lactic Total 
10 min 0.93 0.00 1.05 0.00 1.98 
20 min 1.62 1.43 2.52 0.00 5.57 
30 min 3.94 3.51 9.27 0.00 16.72 
0 M  
NaOH 
60 min 0.70 0.85 12.37 0.00 13.92 
10 min 2.79 4.55 2.55 1.96 11.85 
20 min 5.56 7.93 5.25 4.87 23.61 
30 min 5.68 7.74 11.63 5.79 30.83 
0.05 M 
NaOH 
60 min 3.60 4.67 22.96 4.05 35.29 
10 min 6.60 5.72 2.87 4.77 19.96 
20 min 14.51 11.89 9.55 11.17 47.13 
30 min 17.58 12.68 14.19 15.60 60.06 
0.25 M 
NaOH 
60 min 15.26 7.78 17.48 8.34 48.85 
10 min 6.15 4.54 3.01 3.62 17.31 
20 min 18.11 10.14 8.77 9.76 46.78 
30 min 22.59 7.30 12.45 9.04 51.38 
0.5 M 
NaOH 
60 min 17.54 2.33 13.34 3.16 36.37 
10 min 11.08 6.07 4.21 4.76 26.12 
20 min 24.59 7.69 9.15 8.08 49.51 
30 min 25.59 3.14 10.64 4.72 44.09 
1.0 M 
NaOH 
60 min 18.76 0.76 11.63 0.00 31.15 
10 min 20.72 9.52 6.31 4.27 40.82 
20 min 20.86 6.10 7.23 3.41 37.59 
30 min 23.79 0.98 10.25 0.00 35.01 
2.0 M 
NaOH 
60 min 14.00 0.00 12.52 0.00 26.52 
 
 (6) Effect of Cellulose Powder Size 
The size of cellulose powder is greatly affect by broken of the biomass materials, 
and the effect of which need to be investigated. A little bigger size of cellulose powder 
Type D (40-100 mesh) was studied, comparing normally used Type A cellulose 
 109
powder (100-200 mesh). The yields of formic acid are shown in Figure 4. 15. No 
significant difference was observed, both of the two types of cellulose powder is small 
enough and undergo fast degradation. And the yields of the other organic acids from 
Type D are listed in Table 4.12. The other organic acids from the Type D are also 
nearly same as that from normal used Type A cellulose powder. 
 
Figure 4.15 Formic acid from direct hydrothermal oxidation of different size cellulose 
powder at reaction temperature 250 oC: (■) Type D and (●) Type A. 
 
 
Table 4.12 Organic acid productions from direct hydrothermal oxidation of 
cellulose 40- 100 mesh cellulose powder 
Reaction conditions Yield / % 
250oC, 10 mL H2O2, 
1.0 M NaOH 
Formic Glycolic Acetic Lactic Total 
10 min 13.97 6.23 4.22 5.22 29.64 
20 min 22.88 8.85 8.81 8.95 49.49 
30 min 25.54 5.10 10.91 6.41 47.97 
40 min 25.97 2.55 11.77 3.24 43.54 
50 min 25.23 1.36 11.72 2.13 40.44 
Type D, 
40-100 mesh
60 min 23.02 0.94 12.09 0.00 36.05 
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4.3.3 Reaction Pathway and Mechanism for Direct 
Hydrothermal Oxidation of Cellulose 
As mentioned, the hydrolysis of cellulose without catalyst under previous 
reaction conditions in autoclave reactor is very slow, and the production of sugar is 
also very low. The formed sugar could not be collected, but under fast dehydration 
and polymerization reaction to form dehydration production or solid particle of 
polymer. These products cannot be further oxidized to produce formic acid, but it 
produces acetic acid. Therefore, it is very hard for getting high production of formic 
acid and also the other organic acid.  
The hydrolysis of cellulose is catalyzed by acidic or alkaline addition, and a fast 
production of glucose was promoted. However, the dehydration of formed sugar is 
also catalyzed in acidic addition. The alkaline addition obviously not only catalyst the 
formic acid production from glucose, but also glycolic acid and lactic acid production, 
especially with high concentration alkaline above 1 M. A reaction pathway for organic 
acid productions from direct hydrothermal oxidation of cellulose is shown in Figure 
4.16. The formic acid production is from oxidation of glucose and oligomers. While at 
same time, glycolic acid production is from oxidation of fructose, which is produce 
from isomerization of glucose under hydrothermal conditions with alkaline addition. 
Lactic acid is normally produced from hydrothermal reaction of glucose with alkaline 
addition but no oxygen supply. And acetic acid is produced from oxidation of glycolic 
acid, lactic acid and other dehydration intermediates, and it is the most refractory 
organic acid that increases during all the reaction time for nearly all the experiments. 
A total organic acid production was greatly improved. However the selectivity for 
formic acid production is not high. And alkaline addition was found not only prevent 
the decomposition of formic acid, but also be found to prevent the decomposition of 
glycolic acid, acetic acid and lactic acid by additional experiments. 
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Figure 4.16 Organic acid productions from direct hydrothermal oxidation of cellulose. 
 
 
 For nearly all conditions, a considerable amount of lactic acid was produced. It 
suggests that the oxygen transfer efficiency on the surface of solid cellulose and the 
aqueous phase is very low. And the formed sugars undergo hydrothermal reaction to 
produce lactic acid instead of formic acid, because of the no oxygen conditions near 
the surface of solid cellulose. Therefore, a competitive reaction between the 
hydrothermal oxidation and hydrothermal reaction of formed sugar intermediate in the 
direct oxidation of cellulose was considerable.  
A comparing experiment for direct hydrothermal oxidation of soluble glucose 
materials was performed, at reaction conditions: 0.5 g glucose, at 150-250 oC, 10 mL 
H2O2 supply, 1.0 M NaOH, 30% water fill. And the yield of formic acid from glucose 
is shown in Figure 4.17. A highest yield of formic acid of about 60% was obtained. 
And also, selectivity of formic acid above 80% was confirmed for most samples. 
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Figure 4.17 Yield of formic acid from hydrothermal oxidation of glucose at reaction 
temperature at (■) 150 oC , (●) 200 oC and (▲)250 oC, with 10 mL H2O2 supply, 1.0 
M NaOH, as a function a reaction time. 
 
 
Table 4.12 Organic acid productions from direct hydrothermal oxidation of 
glucose at different reaction temperatures 
 
Reaction conditions Yield / % 
10 mL H2O2, 
1 M NaOH 
Formic Glycolic Acetic Lactic Total 
10 min 58.00 6.93 1.48 3.06  69.47  
20 min 58.25 7.15 1.56 2.94  69.90  
30 min 58.66 7.19 1.57 2.94  70.36  
150 oC 
60 min 58.25 7.14 1.98 3.39  70.76  
10 min 51.48 9.60 1.87 4.08  67.03  
20 min 52.79 10.42 2.44 3.62  69.27  
30 min 53.92 11.10 3.39 3.76  72.17  
200 oC 
60 min 52.12 10.79 3.71 3.39  70.02  
10 min 57.70 10.01 4.21 3.18  71.91  
20 min 47.26 8.07 3.05 2.48  58.38  
30 min 40.43 8.93 5.63 1.76  54.98  
250 oC 
60 min 10.46 6.17 6.85 0.39  23.48  
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And hydrolysis and oxidation of both a heterogeneous reaction and a 
homogeneous reaction of cellulose under alkaline conditions was considerable, shown 
in Figure 4.18. The cellulose powder is practically soluble to the alkaline solution and 
reactions from the surface of the cellulose occur to form glucose and oligomers. The 
glucose and oligomers in liquid phase undergo fast oxidative degradation to form 
formic acid. At the same time, glucose and oligomers formed under the surface of 
cellulose, however the oxygen cannot reach the point, that probably undergo 
hydrothermal reaction and dehydration to form lactic acid and other dehydration  
intermediates. After the cellulose was totally soluble, the formed acetic acid and other 
liquid productions undergo further complex reaction, shown in Figure 4.16.  
And direct oxidation process inhibit the carbonization or polymerization reaction 
of formed sugar intermediates, and the formed sugar will undergo fast oxidation to 
produce organic acid instead of other non-glucose aqueous products. A good mixing 
condition and fast heating speed may helpful for improve the production of formic 
acid, and also the other organic acid.  
 
 
 
 
Figure 4.18 Reaction mechanisms for direct hydrothermal oxidation of cellulose with 
alkaline addition. 
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4.4 Summary 
 
For two-step reaction, formic acid production is low, and probably because low 
sugar produce from hydrolysis of cellulose. It is limited improved by acidic or 
alkaline catalyzed hydrolysis of cellulose, because the acidic or alkaline also catalyze 
the decomposition of formed glucose to other products instead of formic acid. 
Direct alkaline oxidation of cellulose was investigated, and a formic acid yield of 
about 25% was obtained. And besides formic acid, glycolic acid, acetic acid and lactic 
acid were also produced in direct alkaline oxidation of cellulose, with a total organic 
acid of up to 60%,  
The reaction pathway for production of formic acid, glycolic acid, acetic acid and 
lactic acid under the direct hydrothermal oxidation of cellulose is concluded. And a 
competitive reaction between the hydrothermal oxidation and hydrothermal reaction 
of formed sugar intermediate in the direct oxidation of cellulose was promoted, which 
probably occurred as both a heterogeneous reaction and a homogeneous reaction 
under alkaline conditions. 
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Chapter 5. Conclusions 
  
In this research, an effective and fast conversion process of carbohydrate biomass 
into formic acid under mild hydrothermal conditions will be developed. Formic acid 
is widely expected an attractive and potential future energy. It is very safe and easy to 
handle to be used as a raw material for hydrogen production and storage, and also to 
be used in the direct formic acid fuel cell for electricity generation and automobiles. 
However, the production of formic acid is very limited, and mainly origin from the 
fossil fuels now. Thus, production of formic acid from the renewable energy source is 
very necessary and attractive.  
Formic acid is a basic and important product for hydrolysis and oxidation 
conversion of carbohydrates biomass, however no high yield production of formic 
acid reported. Thus, a research on the formic acid production from hydrothermal 
conversion of carbohydrate biomass is very attractive, and if carbohydrate biomass 
could be converted readily into formic acid efficiently at mild temperatures, this 
should provide the basis for new green processes for biomass conversion. Therefore, 
the reaction mechanisms for formic acid production from carbohydrate biomass under 
the hydrothermal conditions and the optimum reaction conditions for formic acid 
production are investigated. For effective conversion and waste energy use purpose, 
further study involves formic acid production from monosaccharides and 
disaccharides at low temperatures. Finally, experiments for formic acid production 
from polymer cellulose materials are attempted, and show great potential in the 
treatment and conversion of real waste biomass. 
 
 The conclusions of this thesis are concluded as follows. 
 
In chapter 2, formic acid is the main product in hydrothermal oxidation of 
glucose. Reaction temperature, reaction time and oxygen supply, greatly affect the 
production of formic acid from hydrothermal oxidation of glucose. However, the 
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highest yield of formic acid was limited to about 20%. 
The use of alkaline can enhance greatly the yield of formic acid. An excellent 
yield of formic acid of about 85% was achieved with 0.035 g glucose, reaction 
temperature 250 oC, reaction time 60 s, 120% oxygen supply, with 1.0 M NaOH 
addition. 
The effect of alkaline to improve the yield of formic acid from hydrothermal 
oxidation of monosaccharides can explained as no only inhibition of decomposing of 
formed formic acid, but also catalytic and selective α–position oxidation of 
monosaccharides to produce formic acid. 
 
In chapter 3, a high yield of formic acid was obtained easily from hydrothermal 
oxidation reaction of monosaccharides and disaccharides under lower temperature 
with sand bath reaction system, which is nearly similar as that from hydrothermal 
oxidation of glucose at 250 oC with salt bath reaction system.  
150 oC is optimum for formic acid production from most of monosaccharides and 
disaccharides. For lower temperature of 100 oC, a low yield of formic acid is observed 
probably because of the slow reaction rate. For higher temperature of 250 oC, the 
decomposition of formed formic acid can lead to a low formic acid production. 
The disaccharides are also easy to be oxidized to formic acid under alkaline 
condition, nearly as same as that from monosaccharides, which suggests a fast 
hydrolysis rate of disaccharides to monosaccharides. 
The yield of formic acid from aldoses is higher than that from ketoses. The 
possible mechanism may explained as follows; the aldoses undergo step-wise 
degradation to produce formic acid, and thus theoretical yield of formic acid is  
100%, while ketoses first give 1 mol of glycolic acid and produce lower aldoses, 
which then undergo step-wise degradation to produce formic acid. 
 
In chapter 4, for two-step reaction, formic acid production is low, and probably 
because low sugar produce from hydrolysis of cellulose. It is limited improved by 
acidic or alkaline catalyzed hydrolysis of cellulose, because the acidic or alkaline also 
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catalyze the decomposition of formed glucose to other products instead of formic 
acid. 
Direct alkaline oxidation of cellulose was investigated, and a formic acid yield of 
about 25% was obtained. Besides formic acid, glycolic acid, acetic acid and lactic 
acid were also produced in direct alkaline oxidation of cellulose, with a total organic 
acid of up to 60%. 
The reaction pathway for production of formic acid, glycolic acid, acetic acid and 
lactic acid under the direct hydrothermal oxidation of cellulose is concluded. And a 
competitive reaction between the hydrothermal oxidation and hydrothermal reaction 
of formed sugar intermediate in the direct oxidation of cellulose was promoted, which 
probably occurred as both a heterogeneous reaction and a homogeneous reaction 
under alkaline conditions. 
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